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Detailed measurements of the unsteady velocity field within the

stator row of a transonic axlal-flow fan were acquired using a laser

anemometer. Measurements were obtained on axisymmetrlc surfaces located

at lO and 50 percent span from the shroud, wlth the fan operating at

maximum efficiency at design speed. The ensemble-average and variance of

the measured velocities are used to identify rotor-wake-generated

(deterministic) unsteadiness and "turbulence," respectively. Correlations

of both deterministic and turbulent velocity fluctuations provide

information on the characteristics of unsteady interactions within the

stator row. These correlations are derived from the Navler-Stokes

equation In a manner similar to deriving the Reynolds stress terms,

whereby various averaging operators are used to average the aperiodic,

deterministic, and turbulent velocity fluctuations which are known to be

present In multistage turbomachlnes. The correlations of deterministic

and turbulent velocity fluctuations throughout the axial fan stator row

are presented. In particular, amplification and attenuation of both types

of unsteadiness are shown to occur within the stator blade passage.
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SYMBOLS AND NOTATION

Generalized velocity parameter

Number of measurements or rotor shaft position

Number of surveyed rotor passages

Number of rotor blades

Number of stator blades

Number of rotor shaft positions per rotor blade passage

Number of circumferential measurement points

Pressure surface

Radial coordinate axis or radial distance (Fig. 4.5), cm

Axlsof laser beam bisector (Fig. 4.5)

Apparent stress tensor (Eq. (4.10)), kg/(ms 2)

Distance measured along streamline, cm

Estimate of the standard deviation of velocity (from Eq. (4.3)),
m/s

Suction surface

Time measured as a function of rotor shaft position, s

Plenum temperature

Standard-day temperature, 518.7 °R

Velocity magnitude,, m/s

Average of stator inlet and exit velocities, m/s

Standard-day corrected velocity, m/s

Freestream velocity, m/s

"^1oclty vector _" _ n_• _, _L_. _._I), m/s

Axial coordinate axis, or axial distance (Fig. 4.5),.cm



vl

BT

.y

1"

o

e I

P

O'

q;R

_Z

I

IB
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OB

R

Laser beam orientation angle measured from Z axis (Fig. 4.5), deg

Laser beam orientation angle measured from e axis (Fig. 4.5),

deg

Absolute flow angle, deg

Laser beam orientation angle measured from R axis (Fig. 4.5), deg

Stator blade circulation, m2/s

Circumferential coordinate axis, or circumferential distance

(Fig. 4.5), deg

Circumferential coordinate axis perpendicular to beam bisector

(Fig. 4.5), deg

True ensemble-average velocity (Eq. (4.2)), m/s

Density

True standard deviation of velocity, m/s

Angle between the beam bisector and the radial direction

(Fig. 4.5), deg

Angle between the fringe normals and the axial direction

(Fig. 4.5), deg

Rotor angular frequency, s-l

Rotor angular position (Fig. ll.1), deg

Subscripts

Stator row inlet condition

Inner bound

Stator row exit condition

Measured component

Outer bound

Radial component
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Total of axial and tangential components

Axial component

Tangential component

Measured component in direction of first beam orientation angle

Measured component in direction of second beam orientation angle

Superscripts

Fluctuating component

Ensemble average

Temporal phase-lock average

Spatial phase-lock average

Tlme average

Aperiodic component

Axlsymmetrlc component

Component due to incident field

Rotor-relatlve parameter

Component due to scattered field

Stator-relatlve parameter



I. INTRODUCTION

Unsteady interactions are knownto affect various aspects of

turbomachlne performance, including blade loading Ill, stage efficiency

[2], heat transfer [3], noise generation [4], and energy transfer [5]. In

fact, the fundamental mechanism for energy transfer in turbomachlnes is

the unsteady throughflow [6]. However, virtually all existing turbomachlne

design systems are based on the assumption that the flow is steady in

time. Consequently, extensive empirical correlations are usually relied

upon to compensate for an inadequate understanding of the unsteady flow

effects. Unfortunately, empirical correlations tend to be specific to a

narrow class of turbomachlnes, and are usually only applicable for design

point predictions. Furthermore, empirical correlations frequently include

effects due to other flow phenomena, in addition to the flow phenomena the

correlations were developed for. Nevertheless, it is obvious that some

designers of turbomachlnes have an excellent intuitive feeling for the

effects of many of the flow phenomena inherent in turbomachlnery, as is

evidenced by the high efflclencles obtained in modern turbomachlnes.

Because of the limitations of the empirical correlations used in the

design process these high efflclencles are generally limited to design

point conditions and for turbomachlnes which are similar to previously

designed turbomachlnes. Perhaps the key to improving our ability to

predict the off-deslgn performance of turbomachines, and to design

turbomachlnes which are considerably different from our design based

experience may be found through a better understanding of unsteady-flow

interactions. Unfortunately, since current turbomachlne design systems



assume that the flow is steady, there Is no provision for incorporating

the effects of unsteady flows Into these systems, except through the use

of empirical correlations.

A recent publication by Adamczyk [7] described the development of a

system of equations for simulating the flows in multistage turbomachlnery,

which he called the "average passage" form of the Navler-Stokes

equations. This average passage system of equations provides a steady

state description of the flow field In an "average passage" of any

specific blade row. In a multistage turbomachlne, the number of stator

blades in successive stages usually differs. Rotor blade numbers also

differ In different stages. Since stator (rotor) blade wake effects are

influential In downstream stator (rotor) rows, different stator (rotor)

blade numbers result In aperiodic flows In downstream stator (rotor) blade

passages. An "average" of the flows In the different passages of a

specific blade row Is the "average passage" flow. The average passage

system of equations ls ideally sutted for use in a turbomachlne design

system. Unlike current turbomachtne design systems, however, the average

passage system of equations includes terms which can account for the

effects of the unsteady flows. These terms look, tn form, much llke

Reynolds stress terms and include major contributors to the generation of

nonaxisymmetrlc flows In multistage turbomachlnes. With respect to a

given blade row, the terms identified through Adamczyk's derivation of the

average passage system of equations account for the following

nonaxlsymmetrlc flows:

I. Spatial nonperlodlclty of the flow In different blade passages of

a specific blade row due to differing rotor or stator blade
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counts in successive stages (e.g., N bladed stator row
s

followed by an N + l bladed stator row of a succeeding stage).
s

2. "Deterministic" unsteadiness, due to the relative motion between

stator and rotor blade rows.

3. "Random" unsteadiness, due to any unsteadiness not correlated

with the fundamental blade passing frequency, for example vortex

shedding, global flow-fleld variations, and particle mixing.

It is important to note that these terms, as a whole, are what the

empirical correlations used by current design systems have attempted to

approximate. Therefore, even if the average passage system of equations

are never incorporated into a design system, they provide a useful format

for understanding the role of unsteady flows in generating nonaxlsymmetrlc

flows in multistage turbomachlnes.

The magnitudes and distributions of some of these terms have been

determined from detailed laser anemometer measurements of the rotor-wake-

generated unsteady absolute velocity field throughout a slngle-stage

transonic axlal-flow fan. Since the data were acquired from an isolated

stage the terms due to spatial nonperlodlclty between blade passages are

not present, as they would be in a typical multistage environment.

Therefore, only the terms due to the deterministic and random unsteadiness

will be pres ^ _^_ T_ ....V......................._n_u herein. ,,,e relative _.... +.... of +h_ +o_mc _c

discussed, and some general suggestions for possible approaches to

modeling these terms are provided. These data are for a loosely coupled

fan (i.e., rotor/stator spacing is 85 percent of rotor chord), and

therefore the strength of the rotor wakes are significantly diminished

from what the stator would see in a more realistically coupled stage. The
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advantage of the wide spacing between blade rows is that it uncouples the

potential flow-fleld effects from the rotor wake effects. Also presented

are details of the kinematics of the passage of rotor wakes through the

downstream stator row, as well as other relevant features of the stator

flow field.



II. RELATEDRESEARCH

The numberof research papers published during the last 30 years which

deal with the effects of the unsteady flows generated as a result of the

interaction between rotating and stationary blade rows is quite large. It

is not unusual for these papers to be both experimental and theoretical or

numerical in nature, and often the effects of both the deterministic and

random (turbulent) unsteadiness are considered. As a result, the task of

organizing these papers into specific categories is difficult.

Nevertheless, an attempt is made to organize the research papers dealing

with unsteady blade row interactions into two categories: those papers

which are primarily experimental in nature, or make their greatest

contribution from measurements and those papers which are primarily either

theoretical or numerical in nature (i.e., deal with modeling of the

unsteady flows). This section is not intended to provide a complete

compilation of all the unsteady flow research in turbomachlnery over the

last 30 years. It is designed to provide the reader with a representative

sampling of past research related to the present research program.

A. Experimental Research

One of the earliest experimental research papers dealing with

unsteady blade-row interactions was published in 1954 by Kofskey and Allen

[8] who observed, through smoke visualization of the flow in a low-speed

turbine, that thickening of the upstream stator suction surface boundary

layer occurred at certain positions of the rotor bladlng. In 1966, Smith

[9] described the process of wake chopping and attenuation, which

indicated that a wake segment is modified by the chopping process, which



disperses it, and by uneven energy distribution. In 1970, Kerrebrock and

MikolaJczak [lO] demonstrated that wake generated unsteadiness caused by

Intra-stator transport of rotor wakes would have a significant effect on

the blade-to-blade stator exit temperature profile. Since the work of

Kerrebrock and MlkolaJczak, there has been an increasing number of papers

published in the open literature which deal with blade row interaction

effects.

The effect of blade row interactions on stage efficiency was

demonstrated in 1974 by Yurlnskly and Shestachenko [2] who, using a

rotating bar wake generator ahead of a turbine cascade, found increased

(larger than steady flow values) total-pressure losses occurred for

unsteady flow than when testing in steady flow. Hodson [ll,12] measured a

50 percent higher profile loss for a blade section in a turbine rotor than

for that same section tested in a steady-state cascade. He proposed that

the larger loss was due to a higher growth rate of the rotor suction

surface boundary layer as a result of the interactions of the wakes of the

upstream nozzle row. Similar results were found by Tanaka [13]; he

measured a l.l to 1.25 times increase in the total-pressure loss

coefficient of a lightly loaded cascade In a fluctuating flow over that in

a steady flow. Tanaka also observed that the periodic fluctuations tended

to suppress the growth of turbulence within the boundary layers, but that

thls effect reached saturation above 8 to lO percent turbulence intensity.

Okllshl et al. [14] proposed that, due to blade-row interaction effects,

an appreciable portion of stator row loss can occur in the blade-to-blade

free-stream region between the edges of the blade surface boundary

layers. Dong et al. [15] measured a 15 percent loss in the free-stream



total pressure through a stator row. Hansenand Okllshl [16] indicate

that the axial locations of the measurement stations used to assess rotor

row and stator row loss values are Important if a portion of the rotor

wake mixing-out loss occurs within the stator "row," as defined by stator

upstream and downstream measurement stations.

The effects of blade row interactions on blade surface boundary

layers were studied by Walker [17]. He observed that the stator suction

surface boundary layer of a low-speed slngle-stage axlal-flow compressor

underwent periodically unsteady transition under the influence of the

upstream rotor wakes. Evans [18] confirmed the observations of Walker,

and in addition found a much larger rate of boundary-layer growth on a

stator blade disturbed by rotor wakes compared to a cascade blade in

steady flow. Pflel and Herbst [19]; Pflel et al. [20] used a rotating bar

wake generator to observe the effects of wakes on the boundary layer of a

flat plate. They found that the wakes impinging on a flat plate forced

the onset of transition to occur at shorter distances than for the

undisturbed plate, and that the wakes also affected the location of the

end of transition. Hansen and Okllshl [16] observed from surface hot-film

measurements of the stator blade boundary layer of a low-speed axlal-flow

compressor that the rotor wake segments became wider, much as turbulent

spots do, as they traveled downstream.

The effects of blade-row interactions on blade loading have been

studied by Fleeter et al. [21] in a large-scale low-speed slngle-stage

axlal-flow research compressor. Their data correlated quite well with an

aerodynamic cascade traverse-gust analysis. They found that the unsteady

pressure differential magnitude decreases in the chordwlse direction, and



attains a value very near zero at the blade trailing edge. Their

observation is significant in that it reflects the validity of the Kutta

condition for unsteady flows. Gallus et al. [l] measured the fluctuating

pressures on the mldspan profile surfaces of both rotor and stator blades

for several points of operation. They found that the downstream cascade

induces stronger potential flow interactions in the upstream cascade, and

that stronger throttling leads to increased wake sizes and consequently

stronger fluctuation forces. The wake interactions were observed to be

the maln source of fluctuating forces. Franke and Henderson [22]

investigated the influence of solidity, incidence flow angle, and

rotor-stator spacing on blade row interactions. They found a major

influence of solidity at large values of incidence, where it is suspected

that stall occurs. Some other investigation of the effects of blade row

interactions on blade loading are listed in References 23 to 26.

Blade row interactions have also been demonstrated to be a source of

acoustic excitation in turbomachlnes. In 1977, Schmldt and Okllshl [27]

found that the level of discrete frequency noise at the inlet of a

multistage compressor could be varied appreciably byrelatlve positioning

of the stationary blade rows. Gallus et al. [4] found that the level of

discrete frequency noise could be reduced considerably by only slight

increases In the axial gap, wlthln the range of small axial distances

between blade rows. They also found that the wake shape influences the

intensity of the various harmonics.

The effects of blade-row interactions on energy transfer has been

investigated by Zierke and Okilshl [5] in a low-speed axlal-flow research

compressor. They found that rotor wakes which have interacted with stator
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or inlet guide vane wakes have lower total pressures than rotor wakes

which have not interacted with stator or inlet guide vane wakes. They

also found that periodic unsteadiness of total pressure is considerable

downstream of a blade row that involves energy addition and loss, and Is

minimal downstream of a blade row that involves loss only. In 1985, Ng

and Epstein [28] confirmed, in a high-speed fan stage, the previous

findings of Kerrebrock and Mikolajczak [lO], by showing that the transport

of rotor wakes through a downstream stator row resulted in a gapwlse

temperature nonuniformlty at the stator exit of as much as 15 to 20 °C.

The effects of blade-row interactions on heat transfer have been

investigated by Drlng et al. [29] in a large-scale low-speed axlal-flow

turbine. They found that the unsteady wake passing affected the surface

Stanton number. Doorly and Oldfleld [3] used a rotating bar wake

generator to investigate the effects of wake passing on a downstream rotor

cascade. They observed that each wake produced a turbulent boundary-layer

patch In the blade suction surface boundary layer, which Is swept along

the blade surface and is responsible for dramatic transient increases in

heat transfer.

The general characteristics of wake-generated unsteadiness have been

reported by many investigators. Joslyn et al. [30] measured the

unsteadiness and three-dlmenslonallty of the flow in a large-scale

axlal-flow turbine. They measured large increases In the pitch angle near

the suction slde of the rotor wake as the vane wakes periodically impacted

on the rotor suction surface. Matsuuchl and Adachl [31] measured the

three-dlmenslonal unsteady flow inside a rotor blade passage of an

axlal-flow fan. They observed that the upstream stator wakes became
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deeper (and sometimes thicker) as they moved closer to the rotor blade

pressure surface, that the stator wake decay characteristics within the

rotor passage are very complex, and that the wake does not necessarily

decay monotonically. The character of the blade wakes which are the

primary source of blade-row interactions have been reported by many

investigators [32-41].

Wake transport characteristics have also been studied by Dunker [42]

who used a laser transit anemometer to map the unsteady flow field through

a hlgh-speed slngle-stage axlal-flow compressor stator row. Dunker used

contour maps of the turbulent kinetic energy to show the transport of

rotor wakes through the stator row. Binder et al. [43] performed a

similar experiment in a high-speed axlal-flow turbine stage in which they

observed an increase in the turbulence in the stator wake as a result of

its being chopped by the rotor blades. Subsequently, Binder [44]; Binder

et al. [45] suggested that this increased turbulence in the chopped stator

wake was a result of stator secondary vortex cutting by the downstream

rotor blades, which caused a breakdown in the secondary vortex and a

subsequent increase in turbulence. Hodson [46] measured the wake

generated unsteadiness in the rotor passages of an axlal-flow turbine. He

showed that the level of periodic unsteadiness on the suction surface was

2.5 times that on the pressure surface, whereas the mean level of

free-stream turbulence was only slightly higher. Hodson also observed

that the energy of the turbulent fluctuations was greater than the energy

of the periodic fluctuations on the pressure surface, and opposite on the

suction surface. Hodson concluded that this was because the wakes behaved
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as negative jets, with high loss fluid being convected towards the suction

surface.

In a multistage environment, the blade-row interactions are even more

complex, and can result in unusual effects not observed in the slngle-stage

environment. Wagneret al. [47] found that the periodic unsteadiness in

an imbeddedrotor or stator row was appreciable, depending on the extent

of the wake interactions involved at the particular location considered.

They were able to construct, from hot-wlre data, sequential wake transport

interaction plots throughout the compressor at various rotor/stator

relative positions, which illustrated someof the possible wake

interactions that can exist in multistage turbomachlnery. In 1985, lweedt

et al. [4B] demonstrated that complex interactions within multistage

turbomachlnery can result in unusual total-pressure distribution patterns

depending on flow rates. The unusual total-pressure distributions

resulted in a higher frequency interaction in the downstreamblade row

than would be expected from the numberof blades present. Williams [49]

observed that the turbulence introduced by rotor wakes persists in terms

of identifiable velocity fluctuations for several stages before the rotor

contributions are mixed out into unldentlflable randomfluctuations. From

a Fourier analysis of his results, Williams identified discrete frequency

levels generated from upstream blade rows as muchas four stages

downstream. He also observed that the strength of the periodic wave forms

was a strong function of location within the passage, with the periodic

high frequency wave forms being strongest in the stator wakes.
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B. Modeling Efforts

Oneof the earliest papers dealing with the modeling of blade-row

interactions was published in 1953 by Kemp and Sears [50,51] who studied

the aerodynamic interference between rotor and stator blade rows for

incompressible inviscid flows by regarding each blade row as an infinite

two-dlmenslonal cascade. They obtained expressions for the unsteady

components of llft and moment of the blades of each row, and they also

calculated the effects of the stator wakes on the unsteady llft of rotor

blades. They found lift fluctuation amplitudes of about IB percent of the

steady llft. The process of wake chopping by a thin airfoil was

theoretically examined in 1958 by Meyer [52] who considered the wake as a

negative Jet carried with the free-stream. In 1965, Lefcort [53] extended

the analysis of Meyer to include the case of a blade of finite thickness.

Lefcort considered that the unsteady forces in turbomachlnes were due to

four main effects: a circulation effect, a blade thickness effect, a wake

effect, and a wake distortion effect. The above mentioned blade-row

interaction models were all developed using the concepts of circulation

theory presented by von Karman and Sears [54].

After these early developments, the focus of interest in unsteady

airfoil theory became compressibility effects, and, later, cascade

effects. The problem of a lifting airfoil passing through a gust pattern

was examined by Horlock [55]. Using a heuristic approach, Horlock

partially accounted for the second-order effects of small mean-flow

incidence on the fluctuating llft. A similar approach was used by Naumann

and Yeh [56] to account for small airfoil camber. These treatments,
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however, were incomplete in that they only accounted for the modified

boundary condition at the alrfoilsurface while neglecting the coupling

between the unsteady flow and the potential flow around the airfoil.

A complete theory that accounts for the dependenceof the unsteady

flow on the meanpotential flow of the airfoil was developed by Goldsteln

and Atassl [57]. They used their theory to analyze the interaction

between a periodic two-dlmenslonal gust with an airfoil in uniform flow

which showedthat the unsteady velocity field associated with the oncoming

gust was significantly distorted in both amplitude and phase by the steady

potential field about the airfoil. Adamczyk[58] considered the effects

of finite blade thickness, camber, and incidence, and used his theory to

analyze the interaction between a one-dlmenslonal gust and a cascade of

compressor blades. A combined analytical and numerical approach was used

to solve the field equations which govern the rotational and Irrotatlonal

velocity fields. The results of Adamczyk's analysis showeda strong

influence of meanloading on the unsteady force generated by the passage

of the one-dlmenslonal gust through the cascade of compressor blades.

Oneof the earliest attempts to develop a numerical method for

solving the Invlscld, compressible, two-dlmenslonal, unsteady flow on a

blade-to-blade stream surface through an axial compressor stage was in

1977 by Erdos and Alzner [59]. A comparison of their numerical results

with experiment indicated that there was still muchto be learned about

the nature of blade-row interactions before a numerical solution scheme

for a complete stage would be capable of predicting the actual flows. In

1982, Krammer[60] developed a time marching schemefor computing the

unsteady blade forces in turbomachlnes, which he based on potential flow
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theory and simulated viscous wakes. Blade surfaces were modeled by vortex

distributions and viscous wakes were simulated by contra-rotatlng vortex

rows. Krammer was able to generate sequential pictures of the wake

chopping and transport through the downstream blade row. However, hls

analysis only considered the case of an equal number of stator and rotor

blades, and quantitative agreement wlth measurements was only fair.

Hodson [61] solved the two-dlmensional Invlscld equations of motion using

a finite volume scheme based upon the work of Denton [62] in order to

calculate the unsteady flow generated by the interaction of upstream wakes

wlth a moving blade row. The wakes were simulated by a velocity deficit

which was periodically moved across the inlet boundary of the computatlonal

domain at the relative speed of the wake generating blade row. Wake

dissipation was modeled by an artificial viscosity, and contour plots of

the calculated entropy levels were used to identify the wake regions.

Hodson's analysis confirmed the existence of such phenomena as wake

chopping, migration, and shearing. He concluded that many of the phenomena

associated wlth rotor-stator wake interactions are dominated by Invlscid

rather than viscous effects.

In 1985, another attempt to numerically simulate the interactions

between rotor and stator rows in a single stage turbomachlne wlth equal

numbers of rotor and stator blades was performed by Rai [63]. He compared

numerical results wlth experimental data and concluded that, in the case

of the tlme-averaged surface pressure distributions, there was good

agreement. The comparisons between pressure amplitudes and phase

relationships, however, were not very favorable. Joslyn et al. [64]

described an Invlscld method for modeling turbomachlnery wake transport,
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which was based in part on the linear small-dlsturbance theory of Smith

[65]. Their calculations compared favorably with smokevisualization

experiments which showedthe transport of chopped smoke-trace segments

through a downstreamrotor row. Unfortunately, they were unable to

measure the actual wake fluid and instead attempted to simulate a wake

using a smoketrace. Their experimental results must, therefore, be

questioned as to their validity in modeling real wake transport phenomena,

such as wake centrlfugatlon.

Although most of the above mentioned analyses provide a great deal of

insight into the characteristics of blade-row interactions, they are

generally impractical for use in a turbomachlnery design system. Usually

the analyses are restricted to a single stage turbomachlne with equal

numbersof rotor and stator blades, and even then they require significant

computer resources to solve the complete tlme-dependent flow field. For a

turbomachlne design engineer to use these models to predict the effects of

unsteady flows throughout a typical multistage turbomachlne would be a

formidable task.

Perhaps the earliest effort to include the effects of blade-row

interactions in a turbomachlnery design system was attempted in 1954 by

Smith [65] who considered the effects of secondary flows produced by

upstream blade rows. In 1981 Adklns and Smith [66] included the effects

of spanwlse mixing, including wake centrlfugatlon, which might also be

considered an attempt at including blade row interactions. A more

fundamental approach to modeling blade row interactions was presented by

Mitchell [67]. Mitchell developed a three-dlmenslonal nonaxlsymmetrlc

theory to analyze the interaction effects due to wakes between two blade
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rows in an axlal-flow turbomachlne. Mitchell's theory was based on

liftlng-llne and nonaxlsymmetrlc actuator disk principles, and assumed

that the wake was a small three-dlmenslonal perturbation from the free

vortex condition. In 1979, Sehra [68] described a correlation method for

introducing nonaxlsymmetrlc blade row effects, including deterministic and

turbulent unsteadiness, into the axlsymmetrlc flow field computation for a

highly loaded isolated blade row. Sehra's approach centered about the

modeling of three important nonaxlsymmetrlc phenomena(apparent stress,

apparent entropy, and meanrothalpy) which control the tlme-mean momentum

and energy transfer. Adamczyk[7] took a more rigorous mathematical

approach to including the effects of nonaxlsymmetrlc flows than had been

previously attempted. Starting with the Navler-Stokes equation, Adamczyk

considered a decomposition of the flow field into a steady-state blade-to-

blade periodic component, a blade-to-blade aperiodic component, a periodic

unsteady component, and a randomunsteady component. Then, in a manner

similar to developing the Reynolds averaged Navler-Stokes equation,

Adamczykperformed a series of averages on the Navler-Stokes equations to

resolve, what he called, the average passage equation system. Adamczyk's

average passage equation system wasdeveloped to simulate the flows in

multistage turbomachlnery. His average passage equation system reduces to

the equatlon system developed by Sehra [68], and to the axlsymmetrlc

equations of motion, given the proper assumptions used to develop each. A

model for closing the Invlscld form of Adamczyk's averaged passage

equation system was published by Adamczyket al. [69], and the average

passage equation system has been used to solve the Invlscld flow through a

counter-rotatlng propeller, see Celestlna et al. [70].
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III. RESEARCH FACILIIY

The slngle-stage axlal-flow compressor test facility of the National

Aeronautics and Space Administration (NASA) Lewis Research Center was used

to accomplish the research described in this dissertation. The test

facility, research compressor, and laser anemometer system are described

in this section.

A. Compressor Test Facility

A schematic diagram of the single-stage axlal-flow compressor test

facility at NASA Lewis is shown in Figure 3.1. The drive system for the

compressor consists of a 3000 hp electric motor with a varlable-frequency

power supply. Motor speed is controllable from 400 to 3600 rpm. The

motor is coupled to a 5.52 gear ratio speed increaser gear box that in

turn drives the rotor. The facility was sized for a maximum flow rate of

lO0 Ib/sec with atmospheric air as the working fluid. Air is drawn into

the facility from an inlet located on the roof of the building. The a_r

next passes through a flow measuring station consisting of a thln-plate

orifice, through Inlet butterfly valves, and into a plenum chamber. The

air is is then accelerated _o the compressor test section via a nozzle,

through the test compressor, and into a collector through a sleeve throttle

valve. The air subsequently passes through a spray water cooler and is

exhausted back into the atmosphere or through an altitude exhaust system.

The airflow may be controlled through either the upstream butterfly valves

or the downstream collector valve. For the present investigation the air
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was exhausted back into the atmosphere and the collector valve was used to

control the airflow.

B. Research Compressor

The first stage of a NASA Lewis designed two-stage axlal-flow fan was

used as the research compressor to accomplish the research described in

this dissertation. A complete description of the aerodynamic design of the

full two-stage fan is provided in References 71 and 72. Therefore, only a

brief description of the relevant design parameters of the first stage

geometry, used as the research compressor in the present investigation,

will be provided herein. A sketch of the flow path of the research

compressor is presented in Figure 3.2, and the coordinates of the flow path

are provided in Appendix A.

The research compressor was designed with wide axial spacing between

blade rows (85 percent rotor axial chord at mldspan) in order to reduce

blade-row-lnteractlon noise. The flrst-stage rotor was designed as a Iow-

aspect-ratlo (1.56) damperless fan with a design pressure ratio of 1.63 at

a mass flow of 33.25 kg/sec. The design rotational speed is 16 043 rpm,

which yields a design tip speed of 429 m/sec. The inlet relative Mach

number at the rotor tip is 1.38. The flrst-stage rotor has 22 blades of

multlple-circular-arc design. The rotor solidity varies from 3.114 at the

hub to 1.290 at the tip. The rotor inlet and exit tip diameters are 51.1

and 49.5 cm respectively, and the rotor inlet and exit hub/tip radius

ratios are 0.375 and 0.47B respectively. The running rotor tip clearance

is 0.5 mm. An example of the flrst-stage rotor blade sections at three

spanwlse locations is shown in Figure 3.3.
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The flrst-stage stator was designed to discharge fluid axially. The

stator consists of 34 double-clrcular-arc deslgned blades which vary in

solidity from 2.485 at the hub to 1.271 at the tip. The stator tip

diameter is constant at 48.7 cm and the inlet and exit hub/tlp radius

ratios are 0.500 and 0.530 respectively. An example of the stator blade

sections at three spanwlse locations is shown in Figure 3.4.

A summary of the relevant design parameters of the slngle=stage

research compressor is provided in Table 3.1, and a complete listing of

the input parameters to the aerodynamic design code [73] which was used to

design the flrst-stage geometry is provided in Appendix A. Also included

in Appendix A are the output tables from the design code which include

velocity diagram information on the axlsymmetrlc design streamlines at

each axial computational station and complete blade manufacturing

coordinates at each of the design blade section radii for both the

flrst-stage rotor and stator.

C. Laser Anemometer System

A laser frlnge-type anemometer (LFA) system developed at NASA Lewis

for use in hlgh-speed turbomachlnery was used as the principal measuring

instrument to accomplish the research described in this dissertation. A

detailed descrlpt_on of the basic anemometer system, as originally

designed, is reported in References 74 and 75. Because of minor changes

in some of the optical components and system layout which have occurred

since the system was originally designed, a brief description of the

current laser anemometer system is provided herein. A block diagram of

the major components of the LFA system is provided in Figure 3.5.
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Summaryof slngle-stage research compressor design

parameters

Rotor speed

Corrected mass flow rate

Stage pressure ratio

Inlet pressure and
temperature

Number of blades

Rotor

Stator

Blade section profile

Rotor

Stator

Blade stacking axis
location

Blade aerodynamic chord

Blade element solidity

Maximum thickness to

aerodynamic chord ratio

Leading and tra11Ing
_An_ _:AIU S _n _rn

dynamic chord ratio

Hub radius

Hub/tlp radius ratio

16042.8 rpm

33.25 kg/s

1.59

standard day conditions

22

34

multlple clrcular arc

double clrcular arc

radial llne through center of gravity of
blade sections

Rotor Stator
hub tip hub tip

0.005 0.002 0.005 0.013

inlet exit inlet exit

9.583 cm ii.B29 cm i2.i89 cm i2.93i cm

0.375 0.478 0.500 0.530

9.264 cm 9.522 cm 5.728 cm 5.768 cm

3.144 1.290 2.485 1.271

0.085 0.029 0.080 0.060
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!- Optical conflquratlon

The basic optical components of the laser anemometer system are shown

in Figure 3.6. It is a slngle-channel, dual-beam, fringe type anemometer

with on-axis backscatter collection optics. The 514.5 nm (green) llne of

an argon-lon laser operating at a power level of 1.5 W is used to generate

the laser beam for the LFA system. After the beam leaves the laser a

series of mirrors turns the laser beam through 180 ° for compactness. The

beam then passes through a collimator which is used to position the beam

waist at the probe volume, and to adjust the diameter of the beam waist to

the proper diameter. Because the LFA processing electronics requires at

least lO fringes, and the fringe spacing was I0.4 _m, a waist diameter of

125 _m was selected. The beam then passes through a beam splitter which

splits the beam into two parallel beams of equal intensity. Two more

mirrors then direct the beam through a 200-mm-focal-length focusing lens

(50 mm diameter) which causes the beams to converge and ultimately cross

at the lens focal point. At the intersection where the two beams cross

(called the probe volume) a pattern of bright and dark fringes are formed

due to the constructive and destructive interference of the wave fronts of

the two beams. The fringe pattern is perpendicular to the path of the

bisector of the two beams which is perpendicular to the research

compressor centerilne. The probe volume length in the direction of the

bisector of the two beams is 2 mm.

Part of the light which is scattered from seed particles which cross

the bright fringes of the probe volume is then collected through the

200-mm-focal-length focusing lens and directed to a lO0-_m-dlameter

pinhole in front of the photomultlpller tube (PM_). The focusing lens in
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front of the photomultlpller tube Is 50 mm In d_ameter, wlth a focal

length of 160 mm. The function of the orange-pass f11ter In front of the

160-mm-focal-length focuslng lens Is explalned In the next sectlon.

The flnal optlcal element In the laser beam paths prlor to enterlng

the research compressor flow path, not shown In Figure 3.6, Is a

3.2-mm-thlck glass wlndow In the compressor shroud. Two dlfferent laser

wlndows were used; a "rotor wlndow," see Figure 3.7, whlch extended from

about 1.5 rotor chords upstream of the rotor leadlng edge to Just past the

stator leadlng edge, and a "stator wlndow," see Figure 3.8, whlch extended

from Just past the rotor tra111ng edge to about one-half stator chord

downstream of the stator traillng edge. The rotor wlndow covered a

constant clrcumferentlal wldth of 20 ° . The stator wlndow was cut to follow

the stator blade suctlon and pressure surface contours so that an entlre

stator passage could be vlewed. Both wlndows were contoured to follow the

shroud Inner flow path. The wlndows were made of chem_cally treated wlndow

glass and were pressure tested to 300 pslg prlor to thelr Installatlon In

the rlg.

2. Flow seedlnq

The seed materlal used was Rhodamlne 6g In solutlon wlth ethylene

glycol and benzyl alcohol [76]. Thls seed materlal has the character_stlc

of fluoresclng orange llght when 111umlnated by the green llght of the

argon-lon laser. The functlon, therefore, of the orange-pass f11ter _n

front of the 160-mm-focal-length focuslng lens Is to allow only the

flourescent llght emltted by the seed partlcles to reach the PMT. Thls

reduces detectlon of unwanted scattered llght and therefore allows

measurements closer to solld surfaces.
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A commercially available atomizer was used to atomize the seed

solution and generate liquid seed particles, nominally l.O to 1.4 _m in

diameter [77], which were introduced Into the research compressor flow

field through a 6 mm tube located 35 cm upstream of the rotor. The seeder

tube was mounted in a probe actuator which was mounted on top of a

circumferential positioning pad. In thls configuration It was possible to

remotely position the seeder probe radially and clrcumferentlally within

the research compressor flow field to achieve optimum seeding of the

streamtube which passed through the laser probe volume.

3. Laser optics car____ttan___ddtraversing mechanism

A sketch of the optics cart assembly is shown in Figure 3.9. All of

the optics were located on a flat rigid metal table and secured in place

using commercially available magnetic instrument bases. The beam splitter

was mounted in a motorized rotator assembly which allowed the angle of

orientation of the fringes to be rotated about the optical path of the

input beams, thus enabling different components of the flow velocity to be

measured. The focusing lens and final turning mirror of the transmitting

optics are mounted on a motorized gonlometer cradle so that they move

together as a unit. The motorized gonlometer allows the direction of the

Input beams to be directed off-radlal in order to be able to access areas

which would normally block the beam paths if they were transmitted

radially Into the compressor flow path.

A metal framework between the optics table and a large horizontal x-y

traversing table formed a channel In which the laser sat. The laser was

secured to the bottom of the channel and the entire assembly was mounted
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on top of a wheeled metal cart. A motorized Jacking mechanism at the

front of the optics cart, in conjunction with the x-y traversing tables

and the motorized gonlometer, enabled positioning of the probe volume at a

particular axial, radial, and circumferential position within the

compressor flow field, to within ±0.05 mm axially, ±0.05 mm radially, and

±0.03 ° clrcumferentlally. The angular orientation of the laser beams in

the R-e plane could be controlled to within ±O.Ol ° using the motorized

gonlometer, and the beam splitter enabled control of the angular

orientation of the fringes in the Z-e plane to within ±0.03 ° (refer to

Fig. 3.6).

The optics cart was originally designed for surveying a rotor-only

flow field which usually does not require circumferential traversing of

the probe volume, since the rotor sweeps by the probe volume. However,

the research described in this dissertation required surveying a stator

flow field making circumferential traversing of the flow field necessary.

The Jacking screw mechanism, therefore, was adopted as a temporary

modification to the optics cart to provide the capability for

clrcumferentlally traversing the probe volume through the stator flow

field. A remotely controlled hlgh-speed stepping motor was used to drive

the Jacking screw. Positioning of the Jacking screw, however, was

controlled by the operator and typically required about 30 seconds to

position.

High-speed stepping motors were also used to drive the beam splitter,

gonlometer, and x-y traversing table. An optical encoder attached to each

motor shaft provided position feedback to each motor drive controller.
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The motor drives were of the accelerate-decelerate type (with regard to

the output pulse train) and typically positioned the optics in about

l second. Each motor had a 'ihome"position to which it could be moved for

remote position calibration. An 8-blt-word microcomputer served as the

interface between the motor drives and the data acquisition control

minicomputer.

4. Laser anemometer signal processor

A commercially available counter-type laser anemometer signal

processor with a 500-MHz clock was used to process the signal bursts from

the photomultlpller tube. The processor measures the transit time of a

seed particle across eight fringes. To insure measurement validity and to

help discriminate against noise, the processor performs several tests on

each seed particle passing through the probe volume. One test is a 5/8

comparison test where the transit times for crossing five and eight

fringes is compared. The ratio of these times must be sufficiently close

to the value of 5/8 to be accepted. This test is used to reject

measurements from seed particles which are accelerating as they pass

through the laser probe volume. Another test performed by the processor

is a sequence check such that during each signal burst the hlgh-pass

filtered signal from the photomultlpller tube must alternatively rise

above a threshold level and fall below the zero level at each fringe in

order to be accepted. This test is used to reject extraneous signal noise

and to reject signal bursts occurring from multiple particles or very

large particles which pass through the laser probe volume. The processor

also provides an additional test which attempts to discriminate signal
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bursts occurring from multiple particles or very large particles within

the probe volume by requiring that the high-pass filtered signal from the

photomultlplier tube does not rise above an overload level.

5. Compressor rot___o_shaft-anQle encoder

The LFA system is free to acquire velocity measurements whenever a

seed particle crosses the LFA probe volume, which results in the random

acquisition of many velocity measurements during every rotor revolution.

Therefore, a commercially available compressor rotor shaft-angle encoder

was used to simplify the task of tagging each velocity measurement with

the proper angular position of the rotor. The shaft-angle encoder

provides a continuous measure of the rotor shaft position relative to a

once-per-rev signal obtained from the rotor disk. When a velocity

measurement occurs, the seed particle frlnge-crosslng frequency and

corresponding rotor shaft position are simultaneously transmitted to the

LFA system minicomputer which records them as a data pair.

The encoded angular position of the rotor is produced by a counter

that is clocked by a frequency synthesizer. The frequency is adjusted

near the beginning of each rotor revolution so that the number of counts

for each revolution (selected by the operator) remains approximately

constant. An optical sensor generates the once-per-rev pulse as a result

of a passing target on the face of the rotor disk near the hub flow path.

For the results cited in this dissertation the encoder counts per

revolution (selected as 4400) was divided by four, which for the 22-bladed

research rotor yielded 50 angular positions (shaft positions) per blade

passage.
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It is important to note that the velocity measurementsdo not really

occur at a discrete rotor shaft position, but rather occur anywherewithin

an interval between two adjacent rotor shaft positions. With 50 rotor

shaft positions per blade passage, the interval length between shaft

positions varies between 0.? mmat the hub and 1.4 mmat the tip of the

rotor blade. Therefore, in this dissertation the term shaft position is

used with the understanding that measurementsattributed to a rotor shaft

position actually occur in an interval about that position. In order to

prevent velocity data from being assigned to the wrong rotor shaft

position, the data acquisition program discarded data acquired during any

rotor revolution in which the encoder count for the succeeding revolution

varied by more than ±20 counts from the desired count of 4400. Thus, the

actual average error in the rotor shaft position

was less that ±0.0045 of a rotor shaft position.

6. System computer

A 16-blt-word minicomputer with 32 k (k = I024) words of core memory

and hardware floatlng-polnt multiply-dlvlde capability was used to provide

automatic control of the LFA data acquisition process. The minicomputer

used dual removable cartrldge-type magnetic disk storage, with each disk

having a capacity of 1.25 million 16-blt words. Two cathode-ray-tube type

display terminals were used for monitoring the LFA data acquisition

process. The minicomputer automatically controlled positioning of the

laser probe volume and was interfaced to the laser anemometer signal

processor and compressor rotor shaft angle encoder from which it acquired

the fringe crossing frequency and rotor angular position, respectively.
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IV. EXPERIMENTALPROCEDUREANDDATAREDUCTION

The objective of the experimental procedure was to obtain spatially

and "temporally" (i.e., rotor shaft position, not real time) detailed

measurementsof the rotor-wake-generated unsteady absolute-velocity field

at selected sites within the research compressor stator row. With the

compressor operating at design speed and maximumefficiency, a laser

fringe-type anemometer(LFA) system was u'sed to acquire ensemble-averaged

measurementsof the absolute velocities along two design axlsymmetric

stream surfaces through the stator blade row. A design axlsymmetrlc

stream surface refers to a surface of revolution on which LFAmeasurements

were acquired, and does not represent an actual stream surface along which

fluid particles travel. For each design axlsymmetrlc stream surface, the

absolute velocity measurements were acquired, spatially, from

blade-to-blade across the stator pitch and from upstream through

downstream of the stator blade row, and temporally, for a number of rotor

shaft positions evenly distributed across several rotor pitches.

The IO0 percent speed llne operating characteristic of the research

compressor is shown in Figure 4.1, which identifies the maximum efficiency

point at which LFA survey data were acquired. From observations, the

rotor speed was maintainable to within ±0.3 percent of design speed, and

the corrected mass flow rate was maintainable to within ±0.14 kg/sec. The

corrected mass flow rate was calculated from a calibrated orifice plate

located in the inlet ductlng upstream of the plenum chamber. The overall

pressure ratio was determined from a 5-element rake downstream of the

stator and from the upstream plenum pressure.
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Extensive software written for the LFA-system minicomputer were used

to support the data acquisition procedures. This software included

programs to generate data files describing the research compressor flow

path and the complete three-dlmenslonal stator and rotor blade geometry,

programs to allow the experimenter to prescribe complete survey

information along selected design axlsymmetrlc stream surfaces prior to

beginning data acquisition, programs to allow remote positioning of the

optics by the experimenter, programs to provide complete LFA-system

computer control of the data acquisition procedures, and many other

programs, some of which are briefly described in the succeeding sections.

Although extensive data reduction software was also available on the

LFA-system minicomputer, its processing times were quite long and its

memory was considerably limited as were printing and plotting

capabilities. Therefore, the NASA Lewis central computing facilities were

used for all reduction, tabulation, and plotting of the data presented

herein. The data disks generated from the LFA-system minicomputer were

copied to data tapes which could be read by the mainframe computer used to

reduce the data.

A. Experimental Procedure

lhe experimental procedure consisted of setting up a survey file to

prescribe the coordinates of points to be surveyed, following extensive

setup procedures to insure accurate positioning of the probe volume, and

the actual data acquisition procedures used to acquire the data. The

survey setup, preliminary setup, and data acquisition procedures are

described below.
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!. Surve_ setup

A computer program was used to set up the coordinates of the survey

points at which laser anemometer data would be acquired prior to actually

beginning data acquisition. The "survey setup program" generates a disk

file consisting of the coordinates of the LFA survey points, specified

along a selected design axlsymmetrlc stream surface, and their required

beam orientations. This survey file is then read by the data acquisition

program which automatically sequences through the specified survey points

and results in collection of the desired data.

Figure 4.2 is a merldlonal view of the research compressor flow path

which shows the lO and 50 percent stream surfaces along which the LA data

were acquired. The dots are positioned at approximate axial locations of

measurements. The complete LFA survey grids for the lO and 50 percent

stream surface surveys are shown in Figure 4.3 and the relative

coordinates of the survey points are given in Table 4.1 and Table 4.2,

respectively. The solid circles (dots) in Figure 4.3 indicate survey

points where data were actually acquired, whereas the open circles

indicate where data acquisition was attempted but data could not be

acquired, or was of poor quality. Problems with window blockage,

insufficient entrainment of seed particles across flow boundaries, seed

particle accumulation on solid surfaces, separated flow regions, and very

high flow unsteadiness contributed to an inability to acquire data at some

of the survey points.

Each stator flow-fleld survey was divided into two separate surveys;

an Interblade-row survey, and an Intrablade-row survey. The Interblade-

row survey consisted of nominally eight axial survey stations, six in
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Table 4.1. Relative coordinates of laser anemometersurvey locations
along the lO percent stream surface (stator chord = 5.6 cm)

AXIAL STATOR INTERBLADE-

SURVEY CHORD ROW GAP

STATION PERCENT PERCENT

CIRCUMFERENTIAL

COORDINATE OF

SURVEY POINT

Interblade-row

survey

Intrablade-row

survey

A -104

B -82

C -62

D -41

E -28

F -20

G -lO

H 0

I lO

3 20

K 35
L 50

M 65

N 85

0 lO0

P llO

Q 130
R 154

0

20
40

60

80

lO0

5 to 95 percent
of stator lead-

ing edge gap in

lO percent gap
increments

5 to 95 percent
of local stator

gap in lO percent

gap increments
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Table 4.2. Relative coordinates of laser anemometersurvey locations
along the 50 percent stream surface (stator chord = 5.6 cm)

AXIAL STATOR INTERBLADE,
SURVEY CHORD ROWGAP
STATION PERCENT PERCENT

CIRCUMFERENTIAL
COORDINATEOF
SURVEYPOINT

Interblade-row
survey

Intrablade-row
survey

A -?0
B -52
C -34
D -30
E -18
F -lO
G -B
H -5
I 0
J 5
K lO
L 20
M 35
N 50
0 65
P 85
Q lO0
R llO
S 130
T 150

20
40
40

BO

lO0

5 to 95 percent
of stator lead-

ing edge gap in

lO percent gap
increments

5 to 95 percent
of local stator

gap in lO percent

gap increments
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the Interblade-row gap between the rotor trailing edge and stator leading

edge, and two at 0 and 10 percent of stator axial chord. The Interblade-

row gap is defined as the axial distance between the rotor trailing edge

and stator leading edge at the radii corresponding to the design

axisymmetrIc stream surface. At each of these axial survey stations, ten

equally spacedcircumferential survey points were specified across a

stator circumferential gap. The stator circumferential gap varies with

axial position and is defined as the circumferential distance across the

stator flow field between the pressure and suction surfaces. Aheadof the

stator leading edge, the circumferential survey points were specified from

5 to 95 percent of the stator leading edge circumferential gap in 10

percent gap increments. Therefore, upstream of the stator leading edge,

the ten circumferential survey points were at the sameabsolute

circumferential locations at each axial survey station. At the stator

leading edge, and at all survey stations downstreamof the stator leading

edge, the circumferential survey points were specified from 5 to

95 percent of the local stator circumferential gap in l0 percent gap

increments.

The Intrablade-row survey consisted of nominally 15 axial survey

stations between -10 to 154 percent of stator axial chord. At each of

these axial stations there were ten circumferential survey points

specified, equally spaced from 5 to 95 percent of local stator

circumferential gap in 10 percent gap increments. Outside of the stator

blade row the percent gap was referenced to the extension of the stator

blade meancamber llne.
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In order to verlfy matching between the data acquired for each

survey, the 0 and lO percent stator axial chord stations were surveyed

twice, once for the interblade-row survey and again for the intrablade-row

survey. Thelnterblade-row surveys at 0 and lO percent stator axial

chord, however, could not be completed near the stator suction surface as

the rotor window frame substantially blocked the collection of scattered

light from seed particles. Therefore, only the interblade-row results

upstream of -lO percent stator axial chord, in conjunction wlth the

Intrablade-row survey results, were used in constructing all data figures

presented herein (see Fig. 4.3 and Tables 4.1 and 4.2).

2. Preliminary LFA setup

lhe LFA setup procedures, performed each day prior to beginning data

acquisition, consisted of orienting the LFA system relative to the

research compressor coordinate system, and orienting the LFA probe volume

and rotor blades relative to the surveyed stator blade passage. The LFA

system itself, with optics optimally aligned, was used in the following

manner to accomplish the above mentioned LFA setup procedures. With the

orange-pass filter removed from the optics path, thereby sensitizing the

LA system to light scattered from metallic surfaces, the LFA probe volume

was moved relative to known "sharp-edged" reference points until the

output current from the PMT was maximized. At this point, from visual

observation, the LFA probe volume was aligned to the known reference point.

To orient the LFA system to the research compressor coordinate

system, the LFA system was positioned, in the above manner, such that the

LFA probe volume was located at the upstream edge of the stator foot-ring,
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see Figure 3.2, the position of which was known relative to the research

compressor coordinate system. The LFA system motor drive offsets were

then updated, according to the difference in the measured and expected

positions of the stator foot-rlng reference point, such that the motor

drive positioning program would reflect the probe volume position in the

research compressor coordinate system.

To orient the LFA probe volume to the surveyed stator blade passage,

the LFA system was positioned such that the probe volume was located at

the leading and trailing edges of the lower surveyed stator blade at the

radii which corresponded to the design stream surface along which the

stator flow field was surveyed (refer to Figures 3.7 and 3.8). The laser

system was then used, as described above, to determine when the LFA probe

volume was positioned at the lower surveyed stator blade edges. A visual

inspection was made for verification. By knowing the measured locations

of the lower surveyed stator blade edges, at the radii corresponding to

the design axlsymmetrlc stream surface along which the stator flow field

was surveyed, the position of the probe volume with respect to the

surveyed stator blade passage could be determined with good precision.

The final LFA setup procedure was to orient the rotor blades with

respect to the surveyed stator blade passage. This was accomplished with

the research compressor operating at design speed and at the desired

survey flow conditions. Prior to determining the orientation of the rotor

blades relative to the surveyed stator blade passage, the above determined

stationary reference coordinates were remeasured, based on their measured

nonrotatlng positions, to insure that they did not change after the

research compressor was allowed to stabilize at the survey operating
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conditions. The LFA system was again used as a measuring tool, this tlme

to determine the position of the rotor blades relative to the surveyed

stator blade passage. The LFA probe volume was positioned at the radius

which corresponded to the design stream surface along which the stator

flow field was surveyed, and at the circumferential position which

corresponded to the lower stator blade leading edge, as measured above.

The probe volume was then moved axially away from the stator leading edge,

towards the trailing edge plane of the rotor blade row, until the PMT

output current was maximized, which in this case corresponded to the probe

volume belng positioned at the trailing edge plane of the rotor blade

row. With the orange-pass filter removed from the optics path and the

laser power and PMT hlgh-voltage power supply properly adjusted, the data

acquisition program was run to acquire and save on disk approximately

15 000 measurements of the rotor blade trailing edge as it passed through

the laser probe volume. As each measurement was acquired it was

simultaneously tagged with the corresponding angular position of the rotor

wheel (i.e., rotor shaft position) at which the measurement occurred. For

this experiment there were 850 equally spaced rotor shaft positions

distributed across 17 rotor blade passages, which resulted in 50 rotor

shaft positions per rotor blade passage. Therefore, assuming that the LFA

probe volume was optimally aligned to the rotor blade row trailing edge

plane, there would be a clustering of measurements about every 50 shaft

positions which correspond to the locations of the rotor blade edges. For

all other shaft positions between rotor blade edges, the number of

measurements would be zero. The shaft positions corresponding to the

rotor blade edges could, therefore, be identified as the shaft positions
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which have the greatest number of measurements and which are spaced apart

about every 50 shaft positions. These measured rotor tralllng edge shaft

positions were found to be conslstently repeatable. By referencing these

measured rotor tralllng edge shaft positions to the blade passage in which

they occurred (1.e., shaft positions from 1 to 50) an average rotor

trailing edge shaft position was determined. This average rotor blade

shaft position was used In subsequent surveys of the stator flow field to

trigger the beginning of data acquisition, during every revolution of the

rotor, to occur at the circumferential coincidence of the rotor tralllng

edge wlth the surveyed stator leading edge, and to offset each shaft

position, as It was saved on disk, such that the coincident shaft position

was identified as shaft position one, subsequent shaft positions were

incremented from there. Therefore, for all subsequent experiments and

displayed or saved results, shaft posltlon one corresponds to

circumferential coincidence of the rotor tralllng edge with the surveyed

stator leading edge.

Finally, the stator survey file was updated to reflect the measured

locations of the surveyed stator blade edges and to reflect the current

measured rotor tralllng edge shaft posltlon which would be used to trigger

the beginning of data acquisition during each rotor revolution. This

insured that the coordinates of all survey points were accurately

positioned relatlve to the surveyed stator passage and that, for all

survey points, the rotor blade tralllng edges were accurately In sync wlth

the lower surveyed stator blade leading edge.
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3. Data acquisition

The LFA system minicomputer was used to control the data acquisition

procedures via an automated data acquisition program [?5], which is set up

to sequentially acquire data at each of the survey points specified in the

survey file. At each of these survey points, the LFA system was free to

acquire velocity measurements whenever a seed particle crossed the LFA

probe volume, which resulted in the random acquisition of many velocity

measurements during every rotor revolution. The seed particle

frlnge-crosslng frequency, which is proportional to the particle velocity,

was measured by the laser anemometer signal processor. A continuous

measure of the rotor shaft position, relative to a once-per-rev signal

obtained from the rotor disk, was provided by the compressor rotor

shaft-angle encoder. When a velocity measurement occurred, the seed

particle frlnge-crosslng frequency and corresponding rotor shaft position

were simultaneously transmitted to the LFA system minicomputer which

recorded them as a data pair. The actual recorded rotor shaft positions

were referenced to the lower surveyed stator blade leading edge, as

explained in the previous section.

At each survey point, nominally 30 000 measurements (i.e., data

pairs) were acquired at each of two fringe angles, oriented at ±20 ° of the

tlme-averaged absolute flow angle in order to reduce flow angle biasing.

The tlme-averaged absolute flow angle was previously determined from a

series of short LFA experiments and was found to vary blade-to-blade by

less than about ±3 ° Therefore, the clrcumferentlally averaged values of

the tlme-averaged absolute flow angle distributions were used to determine

the fringe angle orientation at each axial survey station. The data at
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each survey point were recorded at one of 850 different rotor shaft

positions, which were evenly distributed as 50 positions per blade passage

across 17 of the 22 rotor blade passages.

After all the requested data for a particular survey point had been

acquired, the following information was stored on the LFA system disk

storage medium: the numberof measurements, the sumof the seed particle

frlnge-crosslng frequencies, and the sumof the frequencies squared, at

each of the 850 rotor shaft positions. In addition, "background

information" was also recorded on disk which included; the coordinates of

the survey point position, the numberof rotor shaft positions and rotor

blades surveyed, the total numberof measurementsrequested, the plenum

temperature, and the research compressor operating conditions (i.e.,

pressure ratio, weight flow, and rotational speed). The LFA data were

eventually transferred from the data disks to a data tape which could be

read by the mainframe computer used to reduce the data.

As previously mentioned in the section describing the LFA setup

procedures, the data for each stream surface survey were acquired in two

parts, an Interblade-row survey and an Intrablade-row survey. The

Interblade-row surveys for each stream surface were accomplished in the

fall season (i.e., October), about five months prior to beginning the

Intrablade-row surveys which were accomplished during the later part of

the winter season (i.e., March). The reason for the large time difference

between acquiring the Interblade-row and Intrablade-row surveys was due to

facility scheduling and hardware availability problems. Fabrication of

the stator windowwas not complete at the time the stator surveys were

scheduled. Therefore, in order to keep on schedule, it was decided to go
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ahead and accomplish the Interblade-row surveys with the rotor window in

place. The rotor window, however, did not extend muchpast the stator

leading edge (see Figure 3.?), and therefore the Intrablade-row surveys

had to be postponed until the stator window was available. Oncethe

stator window was available, the Intrablade-row surveys were initiated.

An Interblade-row survey required about 6 hours to complete, and an

Intrablade-row survey required about 12 hours to complete. Approximately

4 hours were required to complete the preliminary setup procedures. On

the average, each survey point required about 3 mln to complete, which

included the time required to position the optics, write the data to disk,

and print the survey log. In general, the data for each Interblade-row

and Intrablade'row survey were acquired with the rig in continuous

operation. However, brief shutdownperiods were occasionally required in

order to clean the laser window or to recheck reference points. Although

a substantial span of time elapsed between completion of the Interblade-

and Intrablade-row survey measurments,there appears to be good continuity

between all results. In any case, the conclusions obtained from these

survey results are specific to measurementsacquired completely within

either the Interblade- or Intrablade-row surveys, and therefore are not

affected by any possible mismatchbetween these surveys.

The PMTsupply voltage and laser power were set at nominally i600 V

and 1.5 W, respectively, which resulted in a typical data rate of about

lO00 measurementsper second. However, the data rate varied from less

than one measurementper second to as muchas 2500 measurementsper

second, depending on various factors, such as; insufficient seed particle

entrainment across flow boundaries which reduces seed particle density in
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the laser probe volume, proximity to solid surfaces and window fouling

which degrades signal to noise ratio, and low velocity regions which

reduce the numberof seed particles crossing the probe volume per unit of

time. In order to minimize the overall time to acquire data for a

complete survey, data acquisition was suspendedif the data rate could not

be maintained above about 50 measurementsper second, However, in cases

where the data was considered important enough to acquire even though the

data rate was below 50 measurementsper second, the number of measurements

requested was reduced to as few as lO 000 in order to obtain somemeasure

of the velocity and yet still minimize the overall data acquisition time.

B. Data Reduction

The first level of data reduction consisted of determining the

veloclty componentswhich characterize the fundamental nature of the

unsteady-determlnlstlc and randomfeatures of the flow field. These

velocity componentswere then used to calculate all other results

presented herein, including the rotor- and stator-relatlve tlme-average

velocities, and the velocity correlations associated with Adamczyk's

average passagemodel. In order to facilitate interpretation of the

results, a brief summaryof Adamczyk's average passage model is presented

herein. For all calculations, density fluctuations were neglected as

there was no meansof measuring the tlme-resolved density. The symbols

used in the equations are defined in the Symbols and Notation section.

The relationships between the actual laser anemometer measurements and the

various averages used in the data reduction procedures are provided in

Figure 4.4 which will be referred to in the ensuing sections.
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1. Velocity components

The measured seed particle fringe crossing frequencies are converted

to velocity by multiplying by the fringe spacing. The velocities are then

converted to standard day conditions using the equation

Vc = V (4.1)

where V is the corrected velocity, T is the plenum temperature, and
c P

T is the standard-day temperature. In all subsequent equations V will
s

always refer to the standard-day corrected velocity and, therefore, the

subscript c will be eliminated henceforth.

As previously mentioned, the laser anemometer system acquires

velocity measurments over many successive rotor revolutions which results

in a distribution of velocity measurements at every surveyed rotor shaft

position. Examples of two such velocity distributions acquired at

different rotor shaft positions are provided in the upper two plots of

Figure 4.4. Each measured velocity distribution contains information

about both the unsteady-determlnlstlc (i.e., rotor wake) flow-fleld

features and the "random" unsteadiness. Because the flows in

turbomachlnery are nonstatlonary, "ensemble averaging" [78] is required in

order to decouple the unsteady-determlnlstlc flow-fleld features from the

"random" fluctuations. For the purpose of this thesis, when ensemble

averaging, an experiment is defined as all measurements acquired during a

given rotor revolution. As measurements are acquired during each rotor

revolution, the LFA data acquisition system automatically sums the measured
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particle fringe crossing frequency and its square at every rotor shaft

position. Therefore, the ensembleaverage velocity and corresponding

variance are readily determined at each rotor shaft position as

n VI
V = _--_--n (4.2)

l=l

(Vi -_V_) V -nV_

VI2 =l = S 2 (4.3)
= (n - l) = (n - l)

where the superscript _ denotes the ensemble average, Vi is the

instantaneous velocity measured at a partlcular rotor shaft position

during a given rotor revolution, and n is the number of measurements

acquired at that particular rotor shaft position. Since there were

typically 30 000 measurements acquired for each measured component, and

assuming these measurements were equally distributed across all 850

measured rotor shaft positions, there would be an average of n = 35

measurements per rotor shaft position. A typical distribution of

ensemble-averaged velocities across 6 of the 17 surveyed rotor blade

passages Is shown in the middle plot of Figure 4.4 (i.e., third plot from

the top).

The ensemble-averaged velocity components in the research compressor

coordinate system can be caicuiated, at every rotor shaft position of each

survey point, using the ensemble-averaged results determined from runs

made at multiple beam orientations. The research compressor coordinate

system and LFA beam geometry orientation are shown in Figure 4.5. The

measured velocity component V lles along llne AA, which is in the
m
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plane of the beams and perpendicular to the bisector of the crossing

beams. The beam bisector can be deflected in the off-radlal direction by

the gonlometer mirror (see Fig. 3.6). The beam bisector is restricted to

the (R,e) plane, and the deflection angle is denoted by mR. The

rotatable beam splitter is used to rotate the direction of the fringe

normals about the R'-axls (which is aligned with the beam bisector). The

angle between the fringe normals and the Z-axls is denoted by m and
z

Is measured In the (Z,O') plane. The z, e, r velocity components

are related to the measured velocity components through the following

three equations.

V cos _ _ V cos
z m e m VR cos Ym = V (4.4)m

where subscript m is asslgned the values l, 2, 3, corresponding to each

different beam orientation, and

COS _ = COS m
Z

cos B = cos mR sin mz

cos y = sin mR sln mz

For the present investigation, there were only two runs made at

different mz angles. Therefore, assuming mR = O, the following

two equations can be used to calculate the axial and tangential components.

V COS _ ÷ V
z m e

In practice

surface, the

cos 13 : V (4.5)
m m

mR = 0 for most survey points. However, near the stator

mR angles for the two runs are equal, but are set to

some nonzero value In the range -6° to +12 ° (pressure to suction surface,

respectively) in order to eliminate beam blockage due to the window

frames. Thus, the calculated tangential component of velocity actually
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lies along the e' direction when _R # O. Although thls

Introduces an additional error source In the measurements, It was

considered a reasonable sacrifice In order to obtaln some Indication of

the nature of the flow fleld close to the stator surface, whlch would

otherwise not be possible. Slnce the coslne of 12 degrees Is 0.9781, the

difference between the calculated veloclty In the e' direction and the

veloclty In the e direction (2.2 percent) was considered acceptable.

The ensemble-averaged axlal and tangentlal velocity components are

calculated from the ensemble averages of the measured veloclty components

using the ensemble averaged form of Equatlon (4.5).

'_z cos o,m+'_e, cos 13m='_m (4.6)

The total absolute ensemble-averaged velocity, therefore, ls

+ Ve (4.7)VT _\ z

Earller Investigations [79] have demonstrated the periodicity of the

flow fleld between the rotor passages of this research compressor.

Flgure 4.6 shows, at several different survey locations, ensemble-averaged

axial-velocity profiles measured across each of 17 rotor blade passages,

plotted to the same scale. These measurements, acqulred durlng the scope

of this research program, support the periodicity of the flow field

between the rotor blade passages of this research compressor. Therefore,

as standard practlce, all ensemble-averaged velocity components presented

hereln are temporally phase-lock averaged as follows.

NRp

G ,I
G_ 1=l (4.8)

- NRP
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represents any flow-fleld parameter (e.g., V or ), the

J=l to 50 denotes a particular shaft position measured

where G

subscript

relative to the suction surface of the l'th rotor passage, the

superscript _-_ denotes the temporal phase-lock average, and NRp is

the total number of rotor passages surveyed (i.e., 17 passages). Since

the ensemble-averaged axial and tangential velocities were determined from

the measured data at 850 rotor shaft positions, equally distributed across

17 of the 22 rotor blade passages, the successive application of Equation

(4.8) results in a description of the flow field in a representative rotor

passage at 50 equally spaced shaft positions across the rotor passage

(e.g., second plot from the bottom of Fig. 4.4). If all 30 000

measurements were equally distributed across these 50 rotor shaft

positions there would be an average of 600 measurements per shaft

position. Note that all velocity components are temporally phase-lock

averaged after the ensemble-averaged velocities and their corresponding

variances are determined. This was done in an attempt to preclude any

aperiodic flow-fleld variations, such as due to rotor passage geometry

differences, from occurring in the temporally phase-lock averaged

results. The temporally phase-lock averaged velocity and variance are

assumed to characterize the fundamental nature of the typical

unsteady-determ_nlstlc and random features, respectively, of the flow

field, and therefore are used to determine all other reduced flow-fleld

quantities, including the velocity correlations.

The lower plot of Figure 4.4 shows a typical distribution of

tlme-averaged velocity measurements across a stator circumferential gap at

one axial survey location. The temporal-phase-lock-averaged velocity
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measurementsat each gap-wise location are used in determining the

corresponding tlme-averaged velocities in the absolute (i.e.,

stator-relatlve) frame of reference (see Appendix B). The difference

between the temporal-phase-lock-averaged results and the tlme-averaged

results provides an estimate of the deterministic velocity fluctuations.

The circumferential average of the gap-wlse distribution of tlme-averaged

velocities at each axial survey location provides an estimate of the

corresponding axlsymmetrlc velocity.

2. Summary of averaqe-passaqe model

In the derivation of the average-passage system of equations,

Adamczyk [7] assumed that the absolute velocity field, with respect to a

given blade row, could be decomposed in the following manner. First,

Adamczyk assumed that the absolute velocity field could be decomposed as,

in vector notation,

V: V+V'

Where V is the ensemble-averaged (unsteady-determlnlstlc) component,

and V' is the random fluctuating component. Next, Adamczyk assumed that

the ensemble-averaged velocity field could be decomposed as

where _ is the tlme-averaged component, and _' is the deterministic

fluctuating component. Finally, Adamczyk assumed that the tlme-averaged

velocity field could be decomposed as

-- ,es,... t __I

V =V+V
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#oeo8

where V Is the passage-to-passage averaged (periodic) component, and

__i

V is the passage-to-passage aperiodic component. The passage-to-passage

averaged component describes a steady-state flow field which is the same

in each blade-to-blade passage of a specific blade row. The passage-to-

passage aperiodic component arises from differing rotor or stator blade

counts in successive stages. In a slngle-stage turbomachlne the aperiodic

component, V, would be zero, provided passage-to-passage flow variability

is not introduced by passage-to-passage geometry differences (e.g., due to

manufacturing tolerances of installation). Combinlng all of these

separate velocity decompositions together yields,

#io/# I

_ _ _v _1 VIV V ÷V ÷V + (4 9)

It should be noted that all averages in the above equation are density

weighted averages, according to Adamczyk's derivation. Adamczyk then

substituted the above velocity decomposition into the Navler-Stokes

equations and, in a manner analogous to Reynolds averaging the

Navler-Stokes equations, performed the following averages.

I.

0

.

An ensemble average to decouple the unsteady-determlnlstlc

flow-field features from the random unsteadiness.

A time average to decouple the steady state fiow-fleld features

from the deterministic unsteadiness.

A phase-lock average to decouple the passage-to-passage periodic

flow-fleld features from the passage-to-passage aperiodic

flow-fleld features.
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As a result, the average-passage system of equations was developed.

From the derivation of the average-passage system of equations, the

following second-order tensor was identified.

#sllmltlml iil#ltserms Ilslules
II

_lj = oVIVj + pVIVj + oV_V_ (4.10)

where subscripts i and J are assigned the values l, 2, and 3, which

correspond to the axial, tangential, and radial coordinates,

respectively. The,,,,,,,,,,varlablep is the fluid denslty,_i_j is the total
_--I--I

apparent stress, pV.V. is the stress due to passage-to-passage
..........lj

aperlodlclty, PViV j Is the stress due to deterministic unsteadiness,
lllllllls

and pV;V3 is the stress due to random unsteadiness. Thls total

apparent-stress tensor is generic to the average-passage system of

equations, and along with body'forces and energy terms, its evaluation

constitutes the closure problem for thls equation system.

Since the data presented herein were acquired in only one stator

passage of a slngle-stage compressor, there is no measure of stator

passage-to-passage aperlodlclty. Therefore, the aperiodic stress term of
lllllllll

Equation (4.10), ;Vi'¢j : O. In addition, although the measured flow field

is compressible, there was no means of measuring the tlme-resolved

density, therefore, Equation (4.10) cannot be identically calculated from

the measured data. However, if the density fluctuations are negligible

compared to the velocity fluctuations, we can rewrite Equation (4.10) as

--_4J= p + ' ' (4.11)
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The following sections describe the procedures and equations used to

resolve the correlations of the deterministic and randomvelocity

_I_! V_fluctuations (i.e., VlV j and , respectively).

3. Determlnlstlc-veloclty correlations

A possible approach for further decomposing the determlnlstlc-veloclty

_l_l

correlations, VIVj, which might be useful for developing a model of

the determlnlstlc-veloclty correlations was proposed by Adamczyk et al.

{69]. Drawing from an analogy to gust theory {80], Adamczyk further

decomposed the absolute deterministic velocity component as

V(R,e,z,t) = R,z) + VS(R,e,z) R,z)

÷ [vR(R,e- _t,z)-vAX(R,z)] *VA(R,e- _t,z)
÷ VU(R,e,z,t) (4.12)

where, with respect to the current research compressor,V Ax is the

axlsymmetrlc veloclty, V R is the absolute velocity field as observed in

a frame of reference fixed to the rotor blade row (i.e., describes the

incident gust),V S is the corresponding velocity field observed in a

frame of reference fixed to the stator blade row (i.e., the interacted

velocity fleld),V U is the component of velocity which is unsteady in

either frame of reference (i.e., response of the interacted field to the

incident gust),V A is the component of velocity which is unsteady in

the rotor frame of reference (due to spatial aperlodlclty of the stator

flow field, and rotor geometry induced flow-fleld variations), and

t : (n - l) 2__

(NspN R)

where n denotes a particular rotor shaft position, NR is the number

of rotor blades, NSp is the number of rotor shaft positions per rotor
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blade passage (Nsp = 50 for this rotor), and _ is the angular speed of

the rotor. For the test compressor used in this research program _A

is assumednegligible, and therefore was eliminated by temporally

phase-lock averaging, as explained previously.

Fixed to the stator frame of reference the velocity _s will

appear steady in time, while the components _)R and _U will appear

unsteady in time. Therefore, if we define the velocity component _I as

_I =[_R(R,e- _t,z)__AX(R,z)]

then the determlnlstlc-veloclty correlations which appear in the

average-passage equation system associated with the stator blade row can

be obtained by forming the time average, relative to the stator blade row,

of (VI ÷_U)2, assuming density fluctuations are negligible. The

result, in tensor notation, is

wINI

=vlv .•vlvU j+vUvllj+v vjUU
TDVC IDVC 2 ISVC SDVC

where the subscripts i,J take on the values l, 2, and 3, corresponding

to the axial, tangential, and radial velocity components, respectively.

The first term on the right of the equal sign are the correlations of the

determlnlstlc-veloclty fluctuations associated with the rotor-relatlve

tlme-averaged rotor wake (i.e., incident gust), and may be thought of as

representing the deterministic unsteadiness which might be present in the

absence of rotor/stator interactions. The remaining terms on the right of

the equal sign represent the stators response to the incident rotor-wake

(4.13)

(4.14)
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gust. The meaning of the acronyms below each term of Equation (4.14) are

explained in a later section.

The temporally phase-lock averaged velocity field, determined using

Equation (4.8), contains all information about the total deterministic

unsteadiness, which is a function of r, z, o, t (where t is a

function of rotor shaft position, not real time). The incident velocity

field components, determined using Equation (ll.1)(see Appendix B), are

independent of circumferential position, o, and provide the necessary

information about the incident rotor-wake gust. Therefore, the

total-determlnlstlc- and Incldent-veloclty correlations are calculated by

first determining their respective fluctuating velocity components in the

research compressor coordinate system. Then, at each spatial survey

point, the square of the fluctuating velocity components at every rotor

shaft position are determined. Finally, these results are time averaged

in the stator frame of reference (see Appendix B) to yield the

corresponding total-determlnlstlc- or Incldent-veloclty correlations at

every spatial survey point. Thus, the total-determlnlstlc-veloclty

correlations are determined as

viv 3 = _ _

and the Incldent-veloclty correlations are determined as

( )C )I I "?" VAX V - VAX
vlvj : - i 3

where superscripts ,vv_,, _, •...... , _, refer to ensemble average,

temporal phase-lock average, rotor-relatlve time average, and

stator-relatlve time average, respectively. The corresponding

(4.15)

(4.16)
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axlsymmetrlc values of the total determlnlstlc-veloclty correlations are

determined from arithmetically averaging the results determined from

Equation (4.14) for all circumferential survey points at each axial survey

station.

4. Turbulent-veloclty correlations

In Equation (4.10), the term representing the turbulent-veloclty

correlation consists of three components (see also Eq. (4.11)). These

three components are essentially the stator-relatlve time averages of the

axial and tangential components of the Reynolds normal stresses and the

Reynolds shear stress. Since a single component laser anemometer system

was used during this research program to acquire the data, the Reynolds

shear stress component could not be determined. Furthermore, at each

survey point, velocity measurements were made at only two beam

orientations, which were acquired independently of each other. Therefore,

it was not possible to calculate the standard deviation of the velocities

for other than the measured velocity components. However, a procedure to

estimate the upper and lower bounds of the standard deviation of the

velocity components in the axial and tangential directions is explained in

Appendix C. Unfortunately, these bounds are extremely large and therefore

they provide very little useful information. Therefore, the standard

deviations of the actual measured velocity components are generally used

to provide information about the nature of the turbulent-veloclty

correlations.
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V. PRESENTATIONANDDISCUSSIONOFDATA

lhe results of the LFAmeasurementsacquired along the lO and

50 percent axlsymmetrlc stream surfaces are presented and discussed in

this section. The results are presented in graphical form only, including

contour mapswhich are frequently relied upon in order to help assimilate

the large amountsof data involved. All measureddata points are graphed

with a symbol marking the actual data point and statistical error bars

which represent the 95 percent confidence intervals. Contour mapsare

constructed to present the results across two blade passages in order to

afford better visualization of the flow patterns. For contour plots of

the tlme-resolved data which are not periodic from passage to passage, the

flow field in any other passage can be determined from the results of the

measuredstator passage through their phase relationship with the rotor.

In constructing the two-passage contour plots the contour plotting program

has no knowledgeof the presence of the middle stator blade of the contour

plot, and therefore only the upper and lower stator blades should be used

to infer conclusions about the results near the statorblade surfaces.

The actual LFAmeasurementsare stored on magnetic tape which is available

for distribution.

The unsteady flows which will be discussed herein are classified into

two categories; (1) deterministic unsteadiness, and (2) turbulence.

Deterministic unsteadiness refers to the rotor-wake-generated unsteadiness

caused by the periodic chopping and subsequent transport of rotor wakes

through the stator blade row. Turbulence, in the context of this

discussion, refers to any unsteady flow fluctuations which are not
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correlated wlth the blade passlhg frequency, for example; global flow-

field fluctuations, vortex shedding from blades, shock induced flow

,i

oscillations, and purely random flow fluctuations.

In typical turbomachlnes, the unsteadiness caused by the relative

motion between blade rows is normally due to both potential flow-fleld

interactions and viscous interactions due to wake chopping. However, as

previously mentioned, the data presented herein were acquired within a

compressor designed for minimal acoustical interactions, which was

accomplished by increasing the spacing between the blade rows. As a

result, the interactions betwRen the potential flow fields of each blade

row were minimized. Therefore, only viscous interactions due to

deterministic (i.e., rotor-wake-generated) unsteadiness and turbulence are

present in the results contained herein.

As previously mentioned (Section IV.B.4), only bounds on the minimum

and maximum expected turbulence levels could be provided for turbulence

components, except in the direction of the measured fringe angle

orientations. To provide some indication of the turbulence variation in

the flow field, the lower bound of turbulence will be used to provide

qualitative indications of the axial, tangential, and total components of

turbulence. However, when a quantitative measure of turbulence is

required the actual measured turbulence estimates In the directions of the

fringe angle orientations will be presented.

A. Uncertainty Analysis

The uncertainty analysis presented herein makes use of the terms

precision and bias as defined by Kllne [81], wherein precision refers to
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randomcomponentsof uncertainty or repeatability and blas refers to fixed

componentsof uncertainty or systematic errors. The uncertainties In

positioning the laser probe volume and in determining the rotor shaft

position are estimates of the total (precision plus bias) uncertainties,

and have been previously quoted at a 95 percent confidence level In

Sections III.C.3 and IV.A.3, respectively. The error In any single LFA

measurementIs a function of manydifferent parameters including flow

turbulence and randomnoise in the photomultlpller tube signal. As a

result, It is difficult to makeestimates of the total uncertainty In an

individual LFAmeasurementsince this noise Is generated by background

radiation which varies with each measurement. However, estimates of the

precision uncertainty intervals of the ensemble-averaged velocities were

calculated, based on the numberof individual LFAmeasurementsacquired at

each rotor shaft position. The estimated precision uncertainties of the

ensemble-averaged velocities were then used to estimate the precision

uncertainties of all other parameters which were calculated from the

ensemble-averaged velocities using the method of Kllne [81] for

calculating the propagation of uncertainties in calculations.

All graphed quantities include error bars to identify the estimated

precision uncertainty intervals of all measuredor calculated parameters.

A summaryof someof the other error sources associated with LFA

measurementsare presented below, and the estimates of the uncertainties

In the measuredvelocities resulting from each error source are provided

In Table 5.1. All uncertainties are quoted for a 95 percent confidence

level.
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Table 5.1 Estimates of bias uncertainty in velocity measurements

Statistical bias

Angle bias

Negative velocity bias
due to flow reversals

Bias due to probe volume

position uncertainty

1.2 percent

0.3 percent

3 percent

1 percent

within rotor wakes

outside rotor wakes

within rotor wakes

outside rotor wakes

could not be estimated

0.2 percent
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l •

m

Precision uncertainties

A statistical measure of the uncertainty in the precision of V as

an estimate of the true mean velocity, _ , is given by

-_ t_12S
- t_/2S< < V +

where _ and S are the ensemble-average and standard deviation

(Eqs. (4.2) and (4.3)), respectively, and t /2 is the value of the

student-t distribution at the (l - _) lO0 percent confidence level with

(n - l) degrees of freedom. For a 95 percent confidence level (_ = 0.05)

and n > 30, t /2 = 2.0.

Similarly, a statistical measure of the uncertainty in the precision

2
of S 2 as an estimate of the true variance, o , is given by

(n - I)_ 2 < a2 < (n - l)J 2
2 2

×_12 Xl-_12

where _2 is the variance of a random sample of size n (Eq. (4.3)),

2 and 2 !
and x_/2 Xl__/2 are the values of a chl-square distribution

at the (l - _) lO0 percent confidence level with (n - l) degrees of

freedom [B2].

It should be noted that _2 resulted from the sum of flow

fluctuation effects such as turbulence, velocity variations due to rotor

speed drift, and velocity gradients in the tangential direction across the

measurement shaft position interval, plus the previously mentioned random

noise in the photomultlpller tube signal. The maximum velocity gradient

in the tangential direction occurs across the rotor wake and is on the

order of 3 percent per rotor shaft position at the rotor trailing edge and

decreases to less than O.l percent per rotor shaft position at the stator
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trailing edge. Observations indicate that the rotor speed drift during a

run is on the order of 0.3 percent.

The axial and tangential velocity components are related to the

measured velocity components and the fringe orientation angles through

Equation (4.5). The 95 percent confidence level of the precision

uncertainty of the fringe orientation angle, _z' is 0.03 °, and is

included along with the precision uncertainties of the measured components

in determining, through the propagation of uncertainties analysis, the

precision uncertainties of the axial, and tangential components.

2. Bias uncertainties

The uncertainties associated with LFA measurements, including

methodologies for quantifying them, have been fairly comprehensively

documented [83-85]. Only those sources of bias which introduce the

greatest uncertainty, and for which estimates of the uncertainties can be

determined will be described below. Two of the most often cited sources

of LFA bias uncertainty are statistical and angle biasing. Statistical

biasing [86] arises due to the variation of velocity magnitude with time.

For a uniformly seeded flow, more particles cross the probe volume per

unit time when the velocity is higher than when the velocity is lower than

the mean. Therefore, an arithmetic average of measurements made over a

given period of time yields a calculated mean velocity which is higher

than the true mean. The greatest velocity variations occur in the rotor

wake in which the velocity variations are as much as 15 percent of the

mean, which would result in a 1.2 percent correction for velocity bias.

However, these large excursions from the mean velocity are a result of the
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vortex nature of the rotor wakes [BT]. Because of the vortex nature of the

wake there are two equally probable velocity states which can occur during

any given measurement (see Fig. 4.4), and the probability of measuring a

velocity equal to the mean of the distribution can be virtually nil. All

other velocity distributions outside the rotor wake are single peak

distributions. The greatest standard deviation from the mean of a single

peak distribution, or from either peak of the double peaked velocity

distributions is about 5 percent, which would result in a 0.3 percent

correction for velocity bias. Because the correction for velocity bias is

typically small, and since the nature of the velocity distribution cannot

be ascertained, as only the mean and standard deviation of the velocities

are usually recorded, the data have not been corrected for statistical

bias.

Angle biasing [BB] occurs because the flow direction fluctuates with

time. More measurements per unit time occur when the flow direction is

parallel to the fringe normal direction, 0 , than when the flow
z

direction fluctuates away from the fringe normal direction. The bias in

the arithmetic average of velocity measurements acquired over a given time

period is proportional to the angle between the fringe normals and the

mean flow direction. For the data presented herein, the angle between the

fringe normals and the mean flow direction is 20°, which yields an angle

bias uncertainty of about l percent. However, based on LFA measurements

the mean flow angle changes by as much as 30 ° across the rotor wakes, and

therefore there are regions in which the angle between the fringe normals

and the mean flow direction are on the order of 35°, which could result in

a 3 percent error in the measured velocity.
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Another source of velocity bias [83] occurs from the Inability of the

current LFA system to distinguish between seed particles traveling in the

positive or negative direction. Therefore, In regions containing flow

reversals, such as In the separated boundary layers, the mean velocity

wlll be biased high. The use of Bragg shifting ls one means of

eliminating this source of velocity bias.

The uncertainty In positioning the probe volume within the test

section is also a source of velocity bias [83]. This source of velocity

bias can be calculated as the product of the estimated spatial flow

gradients and the positional uncertainty In the direction of the

gradient. The largest spatial gradients within the measurement grid are

on the order of 1.5 percent per millimeter, and occur around the stator

leading edge, near the stator suction surface, and across the stator

wake. The maximum posltlonal uncertainty of the probe volume Is on the

order of 0.1 mm, which would result In less than a 0.2 percent bias

uncertainty In the measured velocity.

B. Description of the Measured Flow Field

The relative motion between the rotor and stator blade rows

complicates a description of the measured flow field. However, It Is

possible to provide a reasonabiy ciear picture of the unsteady

interactions resulting from both the deterministic unsteadiness and

turbulence by presenting several descriptions of the measured flow field

wlth respect to different viewpoints. The first viewpoint Is a

"tlme"-averaged description of the measured flow field as would be seen by

an observer moving wlth the stator blade row. This is, of course, a view



76

from the measurement frame of reference. The second viewpoint Is a

"tlme"-averaged description of the measured flow field as would be seen by

an observer movtng with the rotor blade row. Thls view provldes a clear

picture of the rotor wakes which eventually Interact with the stator blade

row. The final viewpoint Is again from the measurement frame of

reference, but now the "time" resolved description of the measured flow

field Is presented. This view shows the relative motion between the rotor

and stator rows, and the actual chopping and subsequent transport of the

rotor wakes as they pass through the stator blade row.

In the context of this discussion, "time" refers to the relative

position of the rotor and stator rows, not real time. In the stator frame

of reference, tlme Is indicated by rotor shaft position. In the rotor

frame of reference, time Is indicated by circumferential position. Of

course, to correctly represent units of tlme the rotor wheel speed must be

consldered. However, for interpretation of the results It Is not

necessary to display the correct units for time.

!. Stator-relatlve time-averaged description of measured flow field

Figures 5.1 and 5.2 show the components of the stator-relatlve

time-averaged absolute velocity field through the stator row for the 10

and 50 percent stream surfaces, respectlvely, which Illustrates the extent

of the stator potential flow field. It is apparent that the stator

potential flow field extends only about 30 percent of stator chord

upstream from the stator leading edge plane, whereas the rotor trailing

edge Is almost 100 percent of stator chord upstream of the stator leading

edge. Therefore, It Is obvious that potential interactions between the
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stator and rotor are very weak (acoustic interactions, however, may still

be present), and that the only significant blade row interactions are due

to rotor wake generated unsteadiness and turbulence. It is also apparent

from Figures 5.1 and 5.2 that a significant low velocity region exists

along the stator suction surface which eventually grows to become part of

the stator wake as it leaves the stator blade. From the extent of this

low velocity region near the stator suction surface, it is probable that

the boundary layer has separated. Figure 5.3 shows the locus of maximum

velocities measured along the suction surface for both the lO and

50 percent axlsymmetrlc stream surfaces. These maximum velocities were

determined at various chordwlse locations by observing the pltchwlse

location at which the magnitude of the total tlme-averaged absolute

velocity was a maximum, which occurred just prior to the laser probe

volume entering the low velocity region near the stator suction surface.

It is probable that reverse flows are present within this low velocity

region, but this could not be ascertained with the present LFA system. A

similar effort to determine the stator pressure surface boundary layer was

attempted, but was unsuccessful due to the spatial resolution of the LFA

probe volume compared to the thickness of the pressure surface boundary

layer. Other observations of the stator-relatlve tlme-averaged flow field

include the approximate location of the stagnation point and the resulting

high velocity gradients around the stator leading edge.

The stator-relatlve tlme-averaged description of the stator flow

field as _^-_ .............u_v,cted in Figures 5.1 and 5.2 is ..... ÷_ally the _,a of

picture a turbomachlne designer has in mind when trying to design a blade

row to match a given set of veloclty triangles. If any attempt is made to
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account for the unsteady flow effects it is usually through "turbulence

modeling." Turbulence modeling, as used in this paragraph, refers to the

usual turbulence associated with external flows in which turbulence is the

only unsteadiness involved. This kind of turbulence modeling is

appropriate for a Reynolds averaged model of the flow field. However, in

turbomachlnes the flow field is nonstatlonary, and therefore the Reynolds

averaged equations of motion are time dependent. Therefore, the use of

turbulence modeling of the type referred to above would require solution

of the tlme-dependent Reynolds averaged equations of motion throughout an

entire multistage turbomachlne, which is currently impractical.

2. Rotor-relative tlme-averaged description of measured flow field

To provide a clearer picture of the unsteadiness a stator row sees as

a result of an upstream rotor row we can recast the measured LFA data in

the rotor frame of reference (see Appendix B). Contour maps of the

rotor-relatlve tlme-averaged turbulence along the lO and 50 percent stream

surfaces are shown in Figure 5.4. The shaded regions of Figure 5.4

indicate the rotor wake fluid (see Appendix A). Figure 5.4, therefore,

represents a tlme-averaged picture of the rotor wakes as they would be

seen by an observer riding wlth the rotor blades. In this case, the

stator blades appear smeared out, since they are moving relative to the

rotor. Referring to Figure 5.4(B), the rotor wake appears to broaden more

rapidly within the stator passage until eventually the adjacent rotor

wakes begin to mix together by about 120 percent of stator chord. The

broadening of the rotor wake within the stator passage indicates that the

stator row promotes mixing. The turning of fluid by the stator row can
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also be observed by the upturning of the rotor wakes as they movethrough

the stator blade row region.

Figures 5.5 and 5.6 showfurther details of the character of the

rotor-relatlve tlme-averaged rotor wake as It moves through the stator

blade row reglon along the 10 and 50 percent axlsymmetrlc stream surfaces,

respectively. Along the 50 percent stream surface, see Figure 5.6(A), the

rotor-relatlve tlme-averaged axial velocity componentwithin the rotor

wake looks much llke the typical gausslan model of rotor wakes which has

been proposed from previous investigations of wakes In low-speed

compressors [32-41]. The tangential velocity component of the

tlme-averaged absolute total velocity, however, does not at all flt a

gausslan model. At the 10 percent stream surface, see Figure 5.5, the

character of the rotor wake is much different than at the 50 percent

stream surface, and the gausslan model is completely inadequate to

describe this rotor wake. It is important to note that thls particular

rotor wake is comprised of shed vortlcles from the rotor blade trailing

edge [87] (see Fig. 5.7), and thus the wake has a different character than

that which would occur from a simple mixing of two shear layers.

Therefore, it is apparent that a gausslan model cannot, In all instances,

adequately model the characteristics of the tlme-averaged rotor wake

.... !ated W _÷h a hlnh cn_ff rnmpr_nr

The rotor-relatlve tlme-averaged picture of the measured turbulence

In the directions corresponding to the fringe angle orientations (i.e.,

,nAn r .... LL ......... _ L_ .......... A _k_n_,l_n _In_J _n_a_ c _hl.l_ _n

_LU TIUIII LiI_ IIl_d3U/_U LIIII_-OV_IO_EU aU_UlUL_ i iu_ Ull_ i_) ar_ JIIV_II III

Figures 5.8 and 5.9 along the lO and 50 percent stream surfaces,

respectively. From Figures 5.8 and 5.9, it Is also apparent that
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the rotor wake
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turbulence increases in the rotor wake. It is obvious, therefore, that

the stator is subject to both perlodlc fluctuations in absolute velocity

and turbulence as the rotor wakes pass through the downstream stator row.

Due to the vortex street character of the rotor wake, the magnitudes of

turbulence within the rotor wake are higher than might be expected.

2- Time resolved description of the measured flow field

As previously mentioned, the dominant blade-row interactions present

in the current research fan are due to viscous interactions caused by the

chopping of rotor wakes by the downstream stator blade row. Figures 5.10

and 5.11 show, along the lO and 50 percent stream surfaces respectively, a

sequence of "snapshots" in time (i.e., rotor/stator orientations or rotor

shaft positions) of the measured flow field as the rotor wakes are chopped

and subsequently transported through the stator blade row. lhe shaded

regions overlayed on the contour maps of turbulence are provided to

indicate rotor wake fluid (see Appendix D). An indication of the decay of

the rotor wakes can be inferred from the contours of the lower bound of

turbulence. Similar contour maps depicting the movement of wakes through

adjacent blade rows have been reported by Dunker [42]; Dunker et al. [89]

for a compressor blade row, and Binder et al. [43]; Binder [44]; Binder et

al. [45] for a turbine blade row.

From Figures 5.10 and 5.11 we can see that after the stator blade

chops the rotor wake, the upper and lower stator-passage wake segments
/

begin to drift apart as they convect through the stator blade row. Thus,

by the time the rotor wake segments reach the stator exit there is an

appreciable mismatch between the rotor wake segments, which were
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originally part of the same rotor wake. Using linear small-dlsturbance

theory, Smith [65] showed that for thin airfoils with relatively little

turning the drift distance can be related to the airfoil circulation, r,

and the average of the inlet and exit velocities, VA, according to the

following equation.

F

As : _ VE

VA

(5.1)

where

2-_ (RIVeI- REVeE )F=Ns

(V I • VE)

VA = 2

The drift distance, As, is measured along the stator trailing edge

streamline. Table 5.2 shows a comparison between the calculated and

measured drift distances along the lO and 50 percent stream surfaces,

which have been normalized by the stator axial chord. The measured

nondlmenslonal drlft distance was determined from Figures 5.10 and 5.11

based on the relative rotor/stator orientation corresponding to SP = IO

(20 percent rotor pitch). Joslyn et al. [64] used an invlscld analysis to

successfully predict the motion of a narrow smoke stream (i.e., an

Inv!scld zero-veloclty-deflclt "wake") through a downstream rotating blade

row by tracing Isochronous lines measured relative to the initial upstream

generated smoke stream. For a cusped leading edge airfoil, their approach

reduces to that of Smith [65].

It is also evident from Figure 5.10 and 5.11 that the rotor wakes

tend to pile up at the stator exit, and that there is some spreading of
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Comparison between calculated and measured rotor wake segment
nondlmenslonal drift distance

Parameter
Percent Stream surface

Symbol I0 50

Stator axial chord

Stator inlet

Radius

Tangential velocity

Total velocity

Stator exit

Radius

Tangential velocity

Total velocity

Drift distance

Measured

Calculated

C 5.6 cm 5.6 cm

RI 23.2 cm 18.5 cm

Vei 135 m/s 150 m/s

VI 230 m/s 235 m/s

RE 23.23 cm 18.68 cm

0 m/s 0 m/s
ve E

VE 200 m/s 185 m/s

41.6 percent C

44.? percent C

34.6 percent C

38.4 percent C
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the rotor wakewidth, although very slight. The piling up of the rotor

wakes at the stator exit is a result of the static pressure field which

retards the absolute velocity, and thus slows downthe transport of the

rotor wakes through the stator row. Therefore, in light of the above

observations, it seemsapparent that the kinematics of the transport of

rotor wakes through the downstreamstator blade row is largely controlled

by the tlme-averaged potential flow field. Of course, for this stage, the

rotor wake has already substantially decayed prior to entering the stator

blade row. In a more closely coupled stage most of the rotor wake mixing

would occur while the rotor wake was within the stator row. In addition,

interactions between the respective potential flow flelds would be

present. Therefore, the above picture of the tlme-resolved flow field

could be quite different in a more realistically coupled turbomachlne, in

which case a simple Invlscld analysis may not be adequate to predict the

rotor wake motion through the stator blade row.

A generally accepted theory, first proposed by Meyer [52], is that

the rotor wake behaves llke a negative Jet. Therefore, when the wake

(negative Jet) is cut by the stator row the width of the wake will tend to

diminish on the suction surface, and increase on the pressure surface.

Several investigators have since shown experimental evidence in support of

this theory {I0,28,31,46]. Most notable was an experimental investigation

by Kerrebrock and Mikolaczyck [lO] which indicated that the higher energy

fluid of the rotor wake impinged and collected on the stator pressure

surface, as evidenced by a measured increase in the stagnation temperature

on the pressure side of the stator wake. However, there is no apparent

evidence in Figure 5.10 or 5.11 of the rotor wake width either diminishing
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on the stator suction surface, or increasing on the pressure surface.

Most likely, the manner in which the data was collected and presented, and

the spatial resolution of the data have obscured this effect since, for

this loosely coupled stage, it is probably quite small. However, it is

apparent from Figures 5.10 and 5.11 that the rotor wakes are moving towards

the pressure surface, and away from the suction surface, as expected.

Depending on where the rotor wakes are relative to the stator, the

rotor wakes may be affected differently due to the influence of the stator

flow field. Figures 5.12 and 5.13 show the character of the rotor wake,

as measured at different points within the stator passage, along the lO

and 50 percent stream surfaces, respectively. Each picture is in the

stator frame of reference, and is measured at a particular radial, axial,

and tangential position. Therefore, the abscissa is a function of

rotor/stator relative position (i.e., stator-relatlve time measured in

rotor shaft positions). At a constant axial and radial position the rotor

wake velocity deficit increases and decreases depending on the stator

pltchwlse location, therefore, it is obvious from Figures 5.12 and 5.13

that the stator flow field has a significant influence on the rotor wake.

Similar behavior was found for the turbulence variation across the rotor

wake, as shown in Figures 5.12(C), 5.12(D), 5.13(C), and 5.13(D). The

stators influence on the rotor wake velocity deficit and turbulence will

be discussed further, in the following sections, with respect to the

velocity correlations (see Eq. (4.11)) identified from the development of

the average passage equation system.

Similar blade-row interaction effects have been observed by Matsuuchl

and Adachl [31] who measured the flow field Inside a rotor passage of an
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axial flow fan using a rotating hot-wlre anemometer. They observed that

the wakes from the upstream inlet guide vanes became deeper and sometimes

wider as the hot-wire was clrcumferentlally traversed closer to the rotor

pressure surface. They attributed this behavior to the Jet llke character

of the inlet guide vane wakes sucking fluid from the suction surface and

impinging on the pressure surface.

B. Unsteady-Veloclty Correlations

The average passage equation system was developed in order to provide

an improved mathematical model for simulating the three-dlmenslonal flow

field in multistage turbomachlnes which would be consistent with current

turbomachlne design systems. As a result, the average passage equation

system depicts a steady-state flow field in which, with respect to a given

blade row, the flow is spatially periodic from passage to passage. In

addition, the average passage equation system includes spatial derivatives

of the aperiodic-, unsteady-determlnlstlc-, and random-veloclty

correlations which were identified by Adamczyk as the major contributors

to the generation of nonaxlsymmetrlc flows in multistage turbomachlnes.

In order to solve the average passage system of equations it is necessary

to develop models to predict the behavior of these velocity correlations,

and in order that modeling efforts are focused on the most significant

terms, the relative importance of each of these velocity correlations

should be assessed. The magnitudes and distributions of the unsteady-

deterministic- and random-veloclty correlations which were determined from

LFA measurements of the unsteady velocity field within the stator row of

the research compressor are presented in this section. All velocity
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correlations presented herein are independent of time. The total-

deterministic- and turbulent-veloclty correlations are functions of R,Z,e,

while the Incldent-veloclty correlations are functions of R,Z only.

l- Determlnlstlc-veloclty correlations

Figures 5.14 and 5.15 show contour maps of the axial, tangential, and

cross components of the total-determlnlstlc-veloclty correlations (TDVC,

see Eq. 4.14) along the lO and 50 percent axlsymmetrlc stream surfaces,

respectively. As expected, see Figure 5.15(A) for example, the axial

component of the TDVC decreases rapidly downstream of the rotor trailing

edge as a result of the rapid decay of the rotor wake. However, instead

of continuing to decrease, the axial component of the TDVC appears to

increase again locally, near the stator leading edge region at about mid

passage. This same behavior also occurs for the tangential and cross

components of the TDVC, except less pronounced, and also along the

lO percent stream surface, see Figures 5.14 and 5.15.

Circumferential (blade-to-blade) llne plots of the axial, tangential,

and cross components of the TDVC at various axial survey stations are shown

in Figures 5.16 and 5.17 for the lO and 50 percent axlsymmetrlc stream

surfaces, respectively. These llne plots provide a more quantitative

indication of the increase in the TDVC which occurs near the stator

leading edge. The axlsymmetrlc free stream velocity (VFs = 235 m/s)

upstream of the stator potential field is used to assess the relative

intensity of the total determlnlstlc-veloclty fluctuations. Referring to

Figure 5.17, the axial component of the TDVC decreases from about 190 m2/s 2

(6 percent VFS )2 at -?0 percent stator chord to about 80 m2/s 2
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2
(4 percent VFS) at -18 percent of stator chord. From -18 percent stator

chord to the stator exit the axial component of the TDVC continues to

decrease to less than 25 m2/s 2 (2 percent VFS)2 from about 50 percent

stator chord on, except in a region from about -IB to lO percent of stator

chord where the axial component of the TDVC increases near mid passage to

a maximum of about 150 m2/s 2 (5 percent VFS )2 at 5 percent stator chord.

Although considerably weaker, similar increases in the TDVC occur along

the lO percent stream surface and for the tangential and cross components

of the TDVC.

In Section IV.B.3 an analogy to gust theory was used to further

decompose the TDVC. In the following paragraphs this gust analogy will be

used to help explain the origins of the observed increase in the TDVC. In

Equation (4.12), the parameter _R is the rotor-relatlve tlme-averaged

absolute velocity (Appendix B) which provides a description of the flow

field from the perspective of an observer riding on the rotor blades, see

Figures 5.4 to 5.6. The rotor-relatlve tlme-averaged velocity is used as

a model of the undisturbed rotor wake which would occur in the absence of

the stator blade row. The rotor-relatlve tlme-averaged velocity is, of

course, independent of stator circumferential position, and only varies in

time (rotor/stator relative position) and with axial distance. If the

axlsymmetrlc absolute velocity is subtracted from the rotor-relatlve

tlme-averaged absolute velocity (Eq. 4.13), the result is the deterministic

unsteadiness associated with the undisturbed rotor wake, and in the analogy

with gust theory represents the incident gust.

Figures 5.1B and 5.19 show the axial distributions of the axial,

tangential, and cross components of both the TDVC and the deterministic
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velocity correlations of the incident gust (IDVC, see Eq. (4.14)) along the

lO and 50 percent axlsymmetrlc stream surfaces, respectively. The TDVC

and IDVC are about the same magnitude, which indicates that the effects of

blade row interactions must be small. The greatest variation between the

TDVC and IDVC occurs within the stator row, see Figure 5.19(A) for example,

but by this time the rotor wake has substantially decayed. A model which

would predict the incident rotor wake decay could, therefore, be used to

estimate the TDVC, at least for the wide axial spacing between blade rows

in the present research compressor.

Also shown in Figures 5.18 and 5.19 are abrupt increases in the TDVC

and IDVC which occur at the interface between the Interblade- and

Intrablade-row surveys (which also coincides with the start of the stator

potential field, see Figs. 5.1 and 5.2). It is unclear whether these

abrupt increases in the TDVC and IDVC are real or due to a mismatch between

the Interblade- and Intrablade-row surveys. A comparison between the

Interblade- and Intrablade-row measurements of the TDVC and IDVC at 0 and

I0 percent stator axial chord was inconclusive as the Interblade-row survey

at those axial locations could not be completed. During the Interblade-row

survey, the rotor window frame blocked the collection of data near the

stator suction surface and significantly increased the data acquisition

times for the remainder of the survey points at 0 and !O percent stator

axial chord, which affected the quality of the measurements.

Again referring to Equation (4.12), the parameter _)U represents

LL ....... _ .... I_

_rledeterministic unsteadiness r_ultlng Trum blade-row InteFactlons. i,,

other words,_U represents the departure from _R which results from

the Influence of Lhe stator bl,lde row, and w_ll be subsequently referred
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to as the scattered velocity. The total deterministic velocity

unsteadiness is the sum of the unsteadiness associated with the incident

and scattered velocities.

Figures 5.20 and 5.21 show contour maps of the axial, tangential, and

cross components of the scattered deterministic velocity correlations

(SDVC, see Eq. (4.14)) along the lO and 50 percent axlsymmetrlc stream

surfaces, respectively. Referring to Figure 5.21(A), the axial component

of the SDVC is predom_nately zero throughout the stator flow field, except

near the stator surfaces, immediately downstream of the rotor trailing

edge, and near the stator leading edge at about mid passage (i.e., where

the axial component of the TDVC was also high). Similar behavior is

observed for the tangential and cross components of the SDVC, along the

lO percentstream surface. The contour maps of Figures 5.20 and 5.21

illustrate the effects of blade row interactions which are a result of the

stators response to the incident rotor wake.

Figure 5.21(A) also showed an increase in the axial component of the

SDVC near the statoF leading edge suction surface which was not apparent

in the corresponding contour map of the axial component of the _DVC

(Figure 5.15(A)). In fact, the axial component of the TDVC is decreasing

towards zero at the stator leading edge suction surface, which is in

direct contrast to the increase in the axial component of the SDVC at the

same location. Referring to Equation (4.14), there is an additional

component of the TDVC to be considered, which is associated with

correlations between the the incident and scattered deterministic velocity

unsteadiness.
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Figures 5.22 and 5.23 show contour maps of the axial, tangential, and

cross components of the correlations between the incident and scattered

unsteadiness, (ISVC, see Eq. (4.14)) along the lO and 50 percent

axlsymmetrlc stream surfaces, respectively. Referring to Figure 5.23, the

axial component of the ISVC is increasing towards greater positive values

near the stator leading edge mid passage region, where the TDVC and SDVC

are also increasing. However, near the stator leading edge suction

surface the ISVC is decreasing towards greater negative values where the

SDVC is increasing to greater positive values and the TDVC is zero. Thus,

it is apparent that the deterministic velocity fluctuations associated

with the incident gust are out of phase with the scattered velocity

fluctuations resulting from the stators response to the incident gust.

When the incident and scattered unsteadiness are out of phase they can

effectively cancel the TDVC.

The physics behind this island of increased unsteadiness is still

unclear. Perhaps, the straining of the rotor wakes as they enter the

stator potential field results in the stretching of the vortlcles within

the rotor wake, which results in a greater wake deficit. This seems

unlikely, however, as there is no evidence of straining of the rotor wakes

near the region where the TDVC increases, see Figures 5.10 and 5.11. Of

course, the wake in actuality is three-dimensional, therefore; it is

possible that the rotor wake is being strained in the radlal-tangentlal or

radlal-axlal plane.

_v,,_ vvssl e ........................ gation,

which may explain the island of increased deterministic unsteadiness, is

that the fluctuations toward more positive incident angles which occur
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during the passage of the rotor wakes causes an intermittent separation of

the stator suction surface boundary layer or perhaps a shedding of a vortex

from the stator leading edge, which Is then convected towards the adjacent

stator-blade pressure surface as a result of the wake sllp velocity.

Previous experimental investigations [90-94] of isolated airfoils in

oscillating flows have demonstrated the existence of significant secondary

vortical structures which appear near the airfoil leading edges at higher

angles of incidence. I would expect, however, that thls effect would

result in a "tongue" of increased deterministic unsteadiness originating

from the stator leading edge and extending outward, in the streamwlse

direction, toward the adjacent stator-blade pressure surface. Perhaps

though, another as yet unexplained competing effect suppresses or cancels

any increases in the deterministic unsteadiness nearer to the stator

leading edge, which results in the measured island of increased

deterministic unsteadiness out away from the stator leading edge.

A third scenario which may explain the island of increased

deterministic unsteadiness Is related to Binder's et al. [45] hypothesis

to explain the measured increase In turbulence that he observed near the

leading edge region of a turbine rotor blade, which was interacting wlth

wakes generated from an upstream stator row. Binder concluded that stator

secondary vortex cuttlng by the downstream rotor blades results In a

breakdown in the secondary vortex and a subsequent increase In the

turbulence. It seems likely that whatever phenomenon is occurring to

cause the island of increased deterministic unsteadiness observed In the

stator row of the present research compressor is also responsible for the
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Increased turbulence observed near the leadtng edge of Binder's turbine

rotor. However, Just how a secondary vortex breakdown can result In an

Increase In deterministic unsteadiness, whlch Implies an lncrease in the

rotor wake velocity deficit, Is not yet clear. Although Interactions w_th

the secondary vortex generated from the upstream blade row may be

responsible for the observed Increases In unsteadiness In both the present

research compressor and Binder's turbine, something more than a breakdown

of the secondary vortex must be occurring to cause an Increase In the

deterministic unsteadiness observed In the present research compressor.

However, Binder's hypothesis certainly deserves further scrutiny.

A final proposed explanation for the Increase In the TOVC Is that as

the rotor wake lmplnges on the stator surface a potential or acoustic

perturbation emanates from the stator surface, as a result of the stators

response to the Incident rotor wake, and acts to destroy or Induce a

vortical flow near the region where the TOVC Is high. For the present

research compressor It may not be posslble to fully explain the physics

behind the Increase In the TDVC, as the Interactions are qulte small due

to the wlde axial spacing between the rotor and stator rows. Further

planned experiments In a more closely coupled stage may help to better

explain thls phenomenon.

2. Turbulent-velocity correlations

Figures 5.24 and 5.25 show circumferential (blade-to-blade)

distributions of the measured components of the turbulent-velocity

correlations at various axial survey stations along the 10 and 50 percent

axlsymmetrlc stream surfaces, respectively. Slnce the fringe angle
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orientation varies with the direction of the axlsymmetrlc total-absolute

velocity, which varies with axial position, the components of the

turbulent- velocity correlations which are measured in the direction of

the fringe angle orientations may also vary, due to the varying fringe

angle orientations. Therefore, caution should be exercised when

attempting to draw conclusions from apparent axial gradients in the

measured turbulent-veloclty correlations. However, no such caution is

required in drawing conclusions from the blade-to-blade gradients of the

measured turbulent-veloclty correlations as the fringe angle orientation

along which the turbulent-veloclty correlations are measured is Invarlant

with circumferential (blade-to-blade) position. The fringe angle

orientations of the first and second measured components, _l and _2'

respectively, are shown in Figure 12.1 of Appendix C.

Referring to Figure 5.25(A), the first measured component of the

turbulent-veloclty correlation is approximately constant at a level of

about 190 m2/s2 2
(8 percent VFS) from -70 to -18 percent stator chord.

The intensities of the turbulent-veloclty correlations are quoted as

percentages of the axlsymmetrlc free-stream absolute velocity upstream of

the stator potential field (VFs = 235 m/s), as was done for the

determlnlstlc-veloclty correlations. At about -18 percent stator chord

the first measured component of the turbulent-velocity correlation begins

to increase, near mldpassage, to a maximum of about 350 m2/s 2

(15 percent VFS )2 at -5 percent stator chord, and remains above 300 m2/s 2

(13 percent VFS )2, near mldpassage, until about 20 percent stator chord,

beyond which its magnitude becomes obscured by the stator suction surface

boundary layer.
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Binder et al. [43]; Binder [44]; Binder et al. [45] observed a similar

increase in turbulence within the stator wake of a single stage turbine as

it was transported through the downstream rotor row. Binder found that

the turbulence within the stator wake increased near the rotor leading

edge and attributed the increased turbulence to cutting of secondary

vortlcles by the rotor which caused the vortlcles to breakdown, thus

generating higher turbulence levels. Although this seems plausible as an

explanation for the turbulence increases found by Binder, it does not seem

to suffice as an explanation of the observed IncreaseC in both the

deterministic- and turbulent-veloclty fluctuations observed in the present

research compressor. A breakdown of the secondary vortex would imply

increased mixing out of the rotor wake velocity deficit, which is contrary

to the increases in the rotor wake velocity deficit shown in Figures 5.12

and 5.13.

It is interesting to note that there are two blade-to-blade regions

at which the first component of the measured turbulent-veloclty correlation

increases, that both regions peak at about 300 m2/s 2 (13 percent VFS )2,

and that both regions appear to move towards the stator suction surface

with increasing axial distance. In reality the two regions of increasing

turbulent-veloclty correlation are clrcumferentially constant, and the

changing stator camber causes the stator suction surface to move

clrcumferentlally towards the region of increased turbulent-veloclty

correlation. Eventually, both regions of increased turbulent-veloclty

correlation appear to mix out across the stator passage, except in the

stator wake where the magnitude of the turbulent-veloclty correlation

remains high. Similar behavior occurs for both components of the
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turbulent-veloclty correlation at both I0 and 50 percent span. Figures

5.12(c), 5.12(d), 5.13(c), and 5.13(d) indicate that the turbulent

velocity fluctuations within the wake remain approximately constant

blade-to-blade, while the turbulent velocity fluctuations within the free

stream increase and decrease blade to blade. Therefore, the blade-to-

blade increase In the turbulent-velocity correlation occurs because of an

increase in the free-stream turbulence, and is not due to an increase in

the wake turbulence.

2- Comparlson between deterministic- and turbulent-velocity correlations

Figures 5.26 and 5.27 show a comparison between the axial

distributions of the axial and tangential components of the total-

deterministic- and turbulent-velocity correlations along the lO and

50 percent axlsymmetric stream surfaces, respectively. The axial and

tangential components of the turbulent-veloclty correlations are

represented as the minimum lnd maximum bounds that the values of the

turbulent-velocIty correlations can attain, as the actual values could not

be determined from the measured data, see Appendix C. The axial and

tangential components of the total-determinlstic- velocity correlations

are denoted by symbols, and include uncertainty Intervals which denote the

g5 percent confidence level. The maln conclusion which can be drawn from

this plot is that the turbulent-velocIty correlations are significantly

greater than the total-determInlstic-velocity correlations. Only near the

rotor trailing edge and in some Instances near the stator leading edge are

the total-deterministic-velocity correlations of the same order of

magnitude as the turbulent-velocity correlations, lherefore, through flow
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mixing appears to be largely controlled by the turbulence and not the

deterministic unsteadiness, at least for the presently considered research

fan. As previously mentioned, however, the turbulence as defined herein

includes any unsteadiness not correlated with the blade passing frequency,

which in the case of this research fan includes the unsteadiness due to

vortex shedding from the rotor trailing edge. As a result, the large

values of the turbulent-veloclty correlations are to a great extent due to

the increased turbulence within the rotor wake resulting from the vortex

shedding. Since this increased turbulence is "frozen" with the rotor wake

it may also be possible to use a gust analogy to help model the turbulent-

velocity correlation, as was suggested for the total-determlnlstlc-veloclty

correlation.
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VI. SUMMARY AND CONCLUSIONS

The tlme-resolved unsteady velocity field along two stream surfaces

in the stator row of a slngle-stage transonic axial-flow fan was mapped

using a laser anemometer. The measured velocities were used to determine

the magnitudes and distributions of the deterministic- and turbulent-

velocity correlations identified from the average-passage equation system.

Since the present research compressor was deslgned for minimal acoustical

interactions, the rotor/stator axial spacing (0.85 percent of rotor chord)

is much greater than usual in a typical compressor. As a result, the rotor

wakes are considerably diminished by the time they reach the stator inlet,

reducing the possibility of significant blade row interactions. However,

the advantage of the wide axial spacing between the rotor and stator rows

is that it allows for investigation of the rotor wake generated

interactions, independently of potential flow interactions. Based on the

measured data, the following conclusions can be made.

I. Rotor wakes retain their identity as they are chopped and

subsequently transported through the stator row.

2. The kinematics of the transport of rotor wakes through the

downstream stator row is largely controlled by the tlme-averaged potentlal

flow field.

3. Simple linear disturbance theory is adequate for predicting the

drift distance between wake segments convectlng along the stator pressure

and suction surfaces.

4. Due to the diffusing nature of the stator row the wakes tend to

pile up at the stator exit.
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5. Spreading of the rotor wake segments appears to be minimal.

6. Blade row interactions can result in the amplification or

attenuation of both the deterministic and turbulent unsteadiness.

7. Regions of amplified unsteadiness may occur in Isolated regions

away from the stator surfaces.

8. If the scattered unsteadiness Is out of phase wlth the incident

unsteadiness, the total-determlnlstlc unsteadiness may be negliglble In

areas where the scattered and incident unsteadiness are significant.

9. An analogy to gust theory appears to provide a useful means for

analyzing the behavior of rotor-wake-generated unsteadiness and should ald

the modeling of the deterministic unsteadiness.

lO. As a result of the "frozen" character of the turbulence within

the rotor wakes, it may be posslble to use a similar gust analogy for

helping to model the turbulent unsteadiness.

II. The turbulent-velocity correlations are significantly greater

than the total-determlnlstlc-veloclty correlations, which indicates that

through-flow mixing Is largely controlled by the turbulence and not the

deterministic unsteadiness (at least for the presently considered research

fan).

Presently, no satisfactory explanation of the presence of the

increased deterministic and turbulent unsteadiness near the stator

leadlng-edge plane Is apparent. In a more closely coupled stage where the

blade row interactions are expected to be much greater, thls reglon of

increased unsteadiness could be detrlmenta| to the performance of the

stator (e.g., induce separation of the boundary layer) particularly If the

increased unsteadiness is nearer the stator suction surface. Of
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course, depending on the state of the boundary layer, it is also possible

that this region of increased unsteadiness could be beneficial to the

performance of the stator. It is important, therefore, that further

investigation of this region of increased unsteadiness be continued.

An animated movie of the transport of the rotor wakes though the

downstream stator row was produced from the LFA measurements. A

representative sample of flgures illustrating the rotor wake transport

through the stator row for six of the 50 rotor shaft positions for which

measurements were acquired was shown in Figures 5.10 and 5.11. The power

of movie animation in revealing details of the rotor wake transport which

was not evident from viewing still figures (e.g., Figs. 5.10 and 5.11),

was found to be invaluable. The movie animation revealed a dramatic

distortion of the rotor wake occurring near the stator leading edge as it

is chopped by the stator. This rotor wake distortion was not obvious from

examination of the still figures.
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RECOMMENDATIONSFORFURTHERRESEARCH

The next phase of research will be to determine the magnitudes and

distributions of the unsteady-determlnlstlc- and turbulent-veloclty

correlations in a more closely coupled stage, wherein the rotor trailing

edge interacts strongly with the stator potential field. In a closer

coupled stage the blade row interaction effects will be stronger and rapid

mixing of therotor wake will occur within the stator passage. A

comparison between the unsteady-veloclty correlation presented in this

dissertation with the unsteady-veloclty correlations of a more

reallstlcally coupled stage may provide some insight into how blade row

spacing affects performance. Following the mapping of the close coupled

stage will be an experimental program to determine the unsteady-veloclty

correlations within a transonic compressor which has an inlet guide vane

row. The entire rotor and stator flow field will be mapped in order to

resolve the effects of the inlet guide vane wakes and the downstream

stator row on the rotor flow field, especially the effects on the rotor

shock system. Another planned experimental effort is the mapping of an

embedded stage of a multistage compressor to assess the importance of the

aperlodlc-veloclty correlation, as well as the unsteady-determlnlstlc- and

turbulent-veloclty correlations.

Other recommended experimental research programs are, determining the

magnitudes and distributions of these unsteady-veloclty correlations in

the vaned diffuser of a centrifugal compressor, and in a large scale

low-speed compressor or turbine where the boundary layers are thick enough

to allow measurements within. The spatial gradients of the unsteady
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velocity correlations appear in the average passage equation system, and

since there are large velocity gradients across boundary layers it Is

reasonable to expect that the effects of the unsteady-veloclty

correlations might also be large within the boundary layers.

In conjunctlon wlth the experimental research programs should be an

on-golng effort to develop instrumentation which wlll allow the

determination of all components of the total apparent-stress tensor

(Eq. (4.10)) of the average passage equation system. Thls would require

the simultaneous tlme-resolved measurements of the axial, tangential, and

radial components of the instantaneous total-absolute veloclty, as well as

measurement of the tlme-resolved density. A laser anemometer or hot wlre

capable of simultaneous measurement of at least two components of velocity

Is a necessity for measurlng two-dlmenslonal turbulence (see Appendix C).

lo measure three-dlmenslonal turbulence a three component laser anemometer

or hot wlre Is required.

Also in conjunction wlth the experimental research programs should be

an effort at modeling the various components of the total apparent-stress

tensor. As models are developed, the average passage equation system

could be used for a parametric study of the effects of the aperlodlc-,

unsteady-determlnlstlc- and turbulent-stress components of the total

apparent-stress tensor on the performance of the turbomachlnes. The

results of a comprehensive experimental, modeling, and computational

research program should lead to a better understanding of the role of

unsteady flows on turbomachlnery performance.
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X. APPENDIXA: NASADESIGNCODERESULTS

The output from the NASA design code [73] used to design the present

research compressor is presented in the following tables. Table lO.l

lists all input parameters and user defined correlations, in tabular form,

required for the design code analysis. Table I0.2 lists the aerodynamic

output (e.g., velocity triangle information, blade element performance)

for eleven streamlines at each axial computational station. The NASA

design code gives the streamline radial positions as a percentage of the

flow path span measured from the hub end wall. Table I0.3 lists the stage

and overall mass-averaged aerodynamic performance parameters. Tables I0.4

and I0.5 llst the manufacturing coordinates at 15 spanwise locations for

the rotor blade and II spanwise locations for the stator blade.

Figure lO.l shows the coordinate system and nomenclature used for the

manufacturing coordinates of the rotor and stator blade sections.



159

_K

0

._.

H
1/1

0

gl

_.,
I-"
0

0
i.,.,

E _

_ M

e"

-r-

O

C

-r-

.IO

U

g _4

_ H
H N

,_ H _

_" O O
H I_ _

_4

I_ in H

,-, s"
_0

•,t" H _-*

0

H _ "_
O

_ O

M O

_ O "_
O _

O M *--1

Z
0
H

_._

1-1

Z_

M

,..r.

M

O
M

o

÷

,r"

0

"_" I
H
"_ +
0

0 :_

,.r, o

M _

H

O

O _

_ o

H

_ ÷

4,-

o

I!

[.-6

0

-7-
H

r._

0
H
[._

H

r,_
H

H

Z
0

_H

I-, ,_¢

_-"_0
u3_l

_..

oooooo_ooo
o_ooooooo
oooooooooo

[_

[.., .
_0
_:._

[,-I

[-*

_ 00000000_00

H

_ _o_oooooooo

_H ...........

Z_
H

_- ooooooooooo
O_ 00000000000

H_

H

e_

l/l



, 160

-I

°r,"

t-
O

i,=,-

O

r'-"

r-"

tO

I-"

t_

0
E-_
Z
0
[..)

"r"

Z

H

0

I'-I
0

H

3 H ,1.-,
"r" I_ t0

,,_ ..:,-.
tY. H

,,_ [....__

X :Z: I,,-1
_,_H '-r,

I_llJ

0 H
,,.r 0 _

U

I_,, :3 f_
H H ..T.,

,_ ..>..

_F_

H,_X'7"

_rJ
I_.,_ "_
HOH
_O_

C.J

o_ ooooo o_ooooooooooo o_ooooo oo

iiii

oo_oo_ooo_o_oo_

I

[-_
0 0
0 0

0 0
Z Z

H H

0 0

Z 9-
0 0

U

H H

14 _l

E-_ E-_

H M
0 0

I--4 H

[-_ E'_

,-I
Z Z
0 0

_5 _3
Z _-
H H
-'_ Z



"0

O_

c--

+.J

t-

O

f--

0

O_

r_

f--

161

oooooooo_oo

0

0 oo_oooooooo

oooooo_oooo

ooooooooooo

_ ooooo_ooooo

ooooooooooo

ooooooooooo
0

0 oo_o0oooooo

ooooooooooo

U ooooooooooo

ooooooooooo

E

t_

H

_q

N

A

o_ooooo_N_

_oo_o_ooooo

oo_oooooooo
0

0 ooooooooooo

oo_ooo_oooo

U ooooooooooo

0 • _ _

ooooooooooo

ooooooooooo

0

ooooooooooo
ooooooooooo

U oooooo_oooo

m

H

o_

_ ooooooooooo

H _/_ o_ooooo_ooo

_'* 0

0 _-_

H

M

0 oooo_oooooo

ooooooooooo

U oooooo_oooo

I ooooooooooo

_N_OO_OON_

oooooo_o_o

0o_oooo_0_
0

0 ooo_ooooo_o

ooo_oooo_o

ooooooooooo

oooo_oooooo

I,,.1

H

I,wo

ooooooooooo

U1 ooooooooooo

0

0 ooooooooooo

ooooooooooo

ooooooooooo

ooooooooooo

_NNNNNNNNNN

o_ooo_o0oo

oooooo0oo_

0

0 ooooooooooo
ooooooooooo

ooooooooooo

ooooooooooo

ooooooooooo

ooooooooooo

O°

POOR QUALITY



162

°¢-.

0

0

0._
r--

I"--

Z
0
H

U

I..
o

M o
i-.1

I/1

E

0

U

m Z
L_ o

•v' •
U o
0

en

:'1¢ 0
H

X
0 _ I_
H _.1 0

"7"

H H U o
0

0 IZl

o H

H M
_ m

M H

O1/1

•,r" o
_-IL)

HH

_3

O
H

O_

HH

H
b,

Z
0
H

U

m __N

_ o
_1 °

0
(-+
U

v
U o
O

Z _
O _
H "_

i-.1 Q
;3 [.-i
7" I)

z _a _

m v
H U o

O

S _M

_ O
H M

Om

•,r" m

HM I

0
H

Ot/l

_...1 U

H .-I

H

0

[--4

"<

E

0
[-4
U

[,14

O

H _

z ,-, _

I¢1 5_

O

S "H

"7" O

H H

OI/1

"r'
_-ILI

,<z ,_HM

0
H

om

_J()
_s_Z ,0
I-IH I

t-+

..I.
0
H

U

m
m

E

0

b.,

U o
0
_-1

0
H "_
£-+

_.,

i-1 0
:_ £-_
Z
Z
_,_ I._

m "¢

o

6 _H
Z ["4

¢/I

"!" O
H H

El

O_

HH I

"r'

0
H
_-,

HH

H

Z
O
H

I/1

E

0
_._
_._
,,_

oo
r_ o
0

0
H

(._
I/1

i.-1 0

Z

_ v
H _ _

O

H

1,..I

"_ O
H M

MR I

m

Z
0
H
£-1

om
_.4 b.l o

,.r. _
_--1u

MR _

H



163

t-"

°p-

e-

0

0

i---

I'-"

X

,,_

I::I

,.,j,,
0
H

14

I-I

Z
H

I=,,
0

0

Z
H

Z
C)
H

0

oo
o°

I.,-I o

E

O
E-I
{.)

I.,..,

Z
v
C) o
0

0 "_
H .-r.
(-4

[-_
r._

14 0
E-q

_- _)

O

M
14

Z O
H H

HH

.f.,

-,r
0
H

HM I

H

_,-
0
H

{_)

_:_

14
,.-.1

I/}
14

E

o_
o

o

0

ID o

v
t_ o
0

Z _4
0 _0
H

E_ ¢0

(n

O_

;r 0

t)

B_

O

H _

H

S
"T

i¢)
• Z

_ O
'-_ M

H L)_om -_-

,4O

_H "_
X_

O

H

,,_
rj_o_ _-

_-1 r...)

HM

H

Z
0

H

U

M °

t_

0

0

v
U o
O

llg I_

H _

_-1 O

•-1" I.,.1 _

O

H

UI

Z O
H H

t-,4

11( L)_

'14

HH t

Z
O
H

H



164
_=_!-;_00R QUAUTY

:3

¢-,

-e.--

O

¢.J

O

=,.-

.L3

n3
h-

u

Z

0
U

0 0 ,-I

I_q o _ o 0 i'_
• :D •

rj H

Z Z
0 H

0 v

O

E

Z

0

M
t9

t_
O H

H H • H

H
r._ --
O O _

0 _ O H

"1"
H 6_ 0,.,
I_ :3 0

_ O
H _2} H

_K H
O

b3

O

H

H
L9 *-I

==_b-I,-_ E_ b.lo L9 (d c_

,=¢.-r . [-114 • _d •
HO Qo 3r_o

r._ ,v K.,-__ Ov(Xl

=={ I-,.,

H "r.
"I"

O H

_ H
_ U _ E

°_ _

H

H
t_

O

ooo

H ooo

_ ooo

_O
E_

OO

\

E Z_o_

_ oooo
I

E

H
m

6_
M

O

O

_ j

H

_M

O_

M

H
E_

O

• _H

_) ()#l:lZ):_:l

H

H_ _ __O
_H o Z=
_v _ ooooooooooo
_ o _ ooooooooooo

_H ...........
_ ooooooooooo

_O

;',,;'7"
VH W
OL9 _"
"_r-_ O
L)_ Z

E

o,.,..
_-] rJZ

_J ...........
•1- HO oooo¢_o¢_¢_o_o

14 b.I 6_

v[-_ -- _ 0

HH -- Z ;4 Z
Z "_mO _ H b] H

H _ _/_ I_
['-4 -- _ b3 _ :DO
I_ X _ _ _'_H
O ==_ _3 _ I_ 6_ 0oo_oooo_oo

H _ I_ [-_ _J,_ ...........

H O_

H "7" _,D _,_ ['_
O H H

r_ HE...= f._ t._ _

HH _ _1 {/1 H

Z ZI_ _-_ "7" 0

_" _ H h

s,.-1 r..) 0 Z_

I/] _ Dq oo_ooooooo
_ Zb_ oooc_ooooooo

_ O [-_b.1 ...........

r_ H _1 0 c_ _3

H r_ _ ,-I _-_
_ _ O

_ _.I ooo_¢Joooooo

_ 0 _ .b._ ...........
O H HOO ooo0oooo0oo

[-_ _.-1 =-% ,,_ tJCJ

HZ _ _ I/_H

0

H 9" v

0%

b-I

H_
_-1 ,b.I

b'l



165
07 PooR QUALITY

[-I

Z
0
H
[_

64
3

Z
H

O

El

O

9"

"O

QJ

c"

O

(.J

p--

O

r--

(1;
r'-

cO

h--

H



166

C

op..

c-

O

U

O

_P

I'--

:,11¢

C.-,

Z
0
H
E-,

In

Z
H

O

E'_
:D
O

Z
H

O
H
[.-,
C.J

o

_,)
I/J

E

0
E-+

m
t.D .-_
,,< o
"v"
U o
O

Z
O :D
H "r"
[.-,

In

,,_ I:_
+-1 O

"7" U
Z ,_

z m _,

I/1 Y °
H U _

O

6 _H

Z O
H H

"r" o
_-.1 t..) •

HH

0
H

Q_

.-r. o
_-1 (.) •

HH
X,.._

H

Z
0
H

o

I/1

E

0
E_

t.9 ,-'4
,< o

U o
O

O

H

E-+ -.r-

:;D

'7" O

X /.,,-1

_ tJ o
O

H _

Z

_ O
_ H

H (.._ _Oc/I

_-1 C._ •

HH

,.r.

Z
O
H
E=I

O_

I-.tl.-4

I..-t



167

e'-

c-
O

0

I'--

,,_

z
0
H

,,_
[-i

;::)
I_,

H

0

:3
0

7.
H

0
H

_._

I...1

_-1

I.'1

E

oo
o

o

e,:
o

L)
,al:
I.,.,

r._
"v"
L) o
0

0 ""
H "1"

F'*
In

0

"7"

z r_ _

H U _'
O

,..4 _

1,3

H H

IK L)_, o
Olfl o

HH
X_

O
H

uA _Ol/1

_z r.,.
HH
X_

H

z
o
H
_-_
L_

I.,,4

In
1,3

v'

o=
o
o

o

,u:
I._

o
L_ N

o

o
z
o
H

"7" O

_ M

_ o
_ v

o

--4 H

6

.T
_ O
_ H
_ E._

H r.J_ o

:_ .1., ,_-

HH
M_

0
H
!-4

U_ o
01.'1 ,,,o

_.-,]U

HH
X_

H

'7"
o
H

r._)

c_

ul

I2

o

_j

N

v

0

Z
0
H "1"

F_
In

0

Z

m v

o
m _

s _
z _

M
In

i_u Z
z O
H H

O_/'1

_-lrJ

HH
X_

al

,.,e.

v,.
0
H

om

_..I _...3 •

HM _

H
[-i

z
o
H
_._
L_

I=;
[.,.

,-1

1,1

r"

o

o
[-_
o

,=f

o

o _
H

Z O

14 I_ . N

O

M
['4

6

M
In

_ O
_:_ H

H U_ _Om

HM
X_

0
H
E-_

om

HH
X_

M

O
H
E_

ILl O

14

E

o

L_

L'_ N

"v"
L) 0
0

0 :::}
H -,r'

E-_
{4

o
e, _.1

1-4

"7" O
H M

O_

_.-1U °

HH ,,"4
X_

0
H

_,_

u,', _ol/1

HH ,,,,4
x_

M



168

e-
,r--

e-

0

t,_)

f,,-

0

p-

Q)

I

Z

H

E-0

_=_

0 ,_
H

Z

_.0 Z

'7"
H H

I.,..,
0

•-, d
0 X

Z El
H M

• Z
H

0
E-a
L)

I.,.,

I._
ID

0
0
i,-1

0
[-_

v

0
i,-1

H
[.4

Z
0
H

_:_
O_
0{/1

"r"
_U
,_.._
HH
_._._

I_1

O
H

0-1,_

HH
X_

P,
II
I,

oo

N
o

N

o
o
o

o
o

I

oo_oooo_o_oooo

oooNc_ooooo_c) ooo

o_o _o_o

v HIIIIII HHH
u

u_

II

L)

N

N

II

L)

OR G NA.LPAG 



169
OF POOR QUALITY

OJ

l.J

e"

E
f,-

0

14-

E
r0
¢,,-

"0
0

CIJ

tO

0 "

c-

O

w..=

i,J

"0
q,)

Q.

(lJ

"0
0

¢,,J

¢,...

vI

o.;
t--,

c)
r'-

rI.

33

n_
I--"

oo_oooooooo

°_ moooooooooo

H bl_H ooooooouooo

_. ooooooooooo

H

M

0 _mmmmmmmm_

m

_ _ mulmmmm,_lmm_l_

_ _-_ o o _ cJ o o co o _ c_ ¢-_c9 o

:-C0 H .............

77777777.'7777

_H .............

I/1 _q ,.It,at,:r,,_r_ .at_r _r _l-_r ,.It

H It?,_ o _'_r_ I=ooo eo eO =0 _0 eO _0

tJ _ ,--4 i i ! i I i i I
H _

_ o,o.., .o.. .....

H _t_l ...........

ul

u_ m un u_ u,-_m url in lr_ url un
_-4 _

IIIiiiiiiiiii



170

e-

r'-

0

,....

f-

_E ............

oooooooo_oo

o

Z

H _

I

_ _0_ ...........

_v IIIIIItl(I

Z

0

m g

_ S

XOH .............

lllllllltllll

X_H .............

Illlllllillll

,-1 ¢_ H .............

_:o m mn _ c.,_ ,.,-_ .r- ¢ci +,,n, _ .3 o,..+_ _ ; +

Poor Quaut 



"13

°_

£.-

O

(J

c;
r'--

J_

r0
1---

o o ooooooo

H

0 _

• _[_\ oo oooo ooooo

_ _ mmm_m_mmm_m

_OH .............

IIIIIiiiiiiii

_.. I* .,.,:1:

171

OF' POOR QUALrPI,

_H oou _

_ n

H

o _
F4 o_ o_oooooo_o_

_ g ...........

m_,omm_mmmm_

_f,IN ooo_o_o o ooo

_ S ...........

_ mmulmmmmmmm_

_ ooooooooooooo
_.oo_ooo_oooooo
HOZNN_NNNNNNNNN
XOH .............
_NN_NNN_dNNNNN_a

IIIIIIIIIIIII

*'; • I_. ¢11
.')

Cl ":: (, • °. * .I:



172

o_

0

6

_OH .............

HHZ_o_o_

_6 _ ...........

t_ _ L_ _r_r_ ruej

F_ Z: _9 _0 _0 oOoo oo oo oo _0 _0 oo oo
Of_bJ

H I.111_ I_i _L_ooooooooo

[_J • c_oc_ooooo_c>o

H

-_r

l..l o l.l ...........

_1/3_ i i i I l .-,i

0 _._

b +) I/I ,_ _

H I._10 ...........

_ g
• -M mo-r_m_r_e Qm

mUl\ rd ,-__0 e0 r_ _ m c_ o _ o_

_ G B ...........-M c_ooooooc_oc_o

E _cl_ _. oooooooooc_c_
_ [4 :_ _

o I_ .t_ +.",.+'-r.+-<_,++l.n_+l_r,...+-_u ",

XOH .............

_6 _



173
ORIGINAL PAr_ iS
OF POOR QUALITY

(1)

::3

e'-

• e"-

-I-)

t-

O

LjI

('M

o

r--"

I'--

_ ............

_ _ mmmmm_mmmmm

O -_

O

H _N ...........

H _

Z _

O

G

0 ILl ...........

L_

o

pJ :.) ,'_ u'_c> oooooc_o

_D \ "r o ,-_ ,_r ,_) f.. ao eo _. u,. o o

b_H_ o c:_ o o <:, o c:, o o .-¢

_0\ oo o o_oooooo

_ oooo_oooooo

E_\ oooo_oooooo

_U

-- 0

Illlllllll

"_ TT?T?TTT?O?_U

÷ •

_.uou o._.,..o _.. o.0.. o..

+ _,_;g ...........
"4-
+

÷ _._: ...........
.*IC
+

:.:_ .

0_1}0 oooo (:_ c:_ooooo

÷tl,_
+

+ L) {.) Ul ..4 _ c,, i-. w_ u_ ,,o r,. (M _ Mr

++0'_ • ,,r (M o o _ o _ o c,, I--.u'_

+ _/}mO oc_ooooo_c) oc)
+ _

Z .v'_

:DU U ...........

I._ • •

4,. ,.-_ _

÷ - t_ fJ.l ...........

+ 014

:..=_g ...........
:_j_ ........ ,0,,,o
+

+14

+ I:::l

÷H

! 14

E

_d

_4
Z

I "r t9 _,-i .... o ......

I .m:_

} _ .,: _ o • _ (_ (v. _ _o t_ r_ ,,_ ur_ _1- _*'1 _') E\ ............. ]7. I_. _ (_a w'_ wl .at u'_ ,,D _0 _.

I.I h; l,J

.... ?; ...... ,_; .....



174

0

U

r--

I-"

,-+

Z

0

r,.

o

o

[-4

H

H

,,r
3

o
H

z
H

0

[-_

_ N(_NNN_N_NNN

o oooooo

_0_ ...........

,. ..... , m

o_

_00 (_oooooooooo

ooooQoooooo

O0 _o_oooooo

ooooooo_oo

H[_ o o_ _,"_ _ + ..o N r-- e.J r- cxJ u_ e,j _-

°: o; 0_

_H _NQN_NrJNNpJ_

_-.._ 11. I._ _ _imN--_ N _- _



175 ORIGINAL PAGE. IS

OF POOR QUALITY

q.)

e--

4.a

O

t%l

O

f--

e-,--

n3

I---"

_ _O_ ...........

H 0_ _N_N_

3 _ ...........

_ _ mmmmmmmmmm_

_ o_ooooo_ooooo

_.ooooo_oooooo_
HO_ooo_oooooooo

XO_ .............

_o o o_ o _ r_ eO _ _1- _0 eO

01,41,.I c_ooooooou_o _

I-I MO4H ooooooooooo

I_. ............ooooooooooo
l,q ,.-.4 I

--c

H _J ...........

_-i - • I,,.I I'0 o e_l ¢_1 _o o o_ ,'_ I_- en .-I

04 _..-1 ffl ...........

XOH .............



176

:3

c"

t-

O

U

Oa

,5

t'--"

_E ............

v

_ v

MOM ...........

H _

M _

_ E

ff S ...........

mmm_mmmmmm_

m

G

0 I-,J ...........

L)

h] :=) I:_ oooo_oc_oooo
}:o - o c::, o o o o o o c_ o c)

[-_

-_o _oo__

_o\ oooooo_ o ooo

[--_ (D _-_ o o _ o o o c:, o o o o
• _o ooooooc_oooo

-_ oooooo_oooo

o

t_ _COH ............. 6.0 ...........

::_..... _,,o,,o....... z-.. .............
,-_ _oooooooooooo

bJ _ ,



177
ORIGINAL PAGE IS
OF POOR QUALITY

O_

"m

c"

o_

c-

O

U

c;
f.,--

C_

_0

_E ............

_ H IIIIIIIllll
H

=

0 Z

E E

_ m_mm_mmm_m

_-I c_ o o o o o o o o o o o oo

.'_OH .............

"7":3 . o r_ o_ ,:r e0 ,--. _ o ,.o o- ,o _o ,.'I

v

H _O_H oooooo_oooo

_. ooooooooooo

_ H llllltlllll

H

blO_ ...........

0 _

H _U ...........



178

(D

e"

ol--

4.-'

e"

0

U

¢M

c;
r-.-

e--

tO

I--

0

Z

_ IIIIIIIIIII

O

O m

H _ ...........

1,] ,C ...........

P4

j_ ..........

_0 N_

_ oooooooooo_ooooa) oooooo

4

_O0_OOOO _

0

O

_j ...........

U ...........

H

_O ...........

_1_; .u_u_'-,o',,.1-x'_,.1-,a,-,c,o,-,d- _r,a,- cJb_ c'_c:)c:) cJ o c> _o o0"¢0

I[} XObt ............. l_tO ...........

p]

_ • < _ o" (Y" o_ ¢0 ¢0 ,ao p.. r-. ,o ,._ u'_ _ u_ }i\ .............

I,I
_' " P'. m _; . n. ,n

i4

O

8

_H ...........

H[)[h ...........

bl



1-/9 O_G1r_Ap.pA_. IS
P00 Ou u-n,

O)

c"

4-.)

C:

0

¢..1

o
r-"-

,.-,,,

rO

XOH .............

H H Z .,_ _ ,--i _0 ¢ ,-_ r--. t.") K) ...I- _ N .--_

b_

F_O H_C',J_ _') _n,_r'.-_oo_¢_ _._>

k_ ]Z ............

=-1 .1_ ¢n _J o_ r-.- o'. o _ _- _,n o r.-.

_ eO _OeO o _m o_r r_

['-_ I..4 ...........

_" _L_ • oooooooo¢)oo

H

•g _Ohl ...........

l-,_3_ I I I I I I I

_ m
0 _

,< L,-, ¢.D b-I ...........
t_ -_J_ ooooooooooo

I/l I/} _l: _

r.t _ o_ o_ o_ _ o_ _ eO eO _o N

H 1_10 ...........

_" I2

M

0 _ mmu_mm_mm m,_

,,_ I_ \ ooooooooooo

b z.,_ ..............
n; ,-1 i.q ...........

_ooooo o ooooooo

_OH .............

bl H 7_. _,g i//,-i Ii0 ¢ ,-i i-_ i,,1 (0 _- _1 _] _-i
_-1C_ H .............



180

OF POOR QUALITY

Q.)

c--

t-

O

0

e_

_OH .............

_m .............

hi

, c _,1 tY2 ...........

LC _, - ...........

L_h_n_ " ...........

[_ I:_ _ IM oJ r,l _ Ixl c,l e,l _ c,I r_ ¢xl

_ooo_ooooooooo

_p;.o<_(_o_ooooc_ooo

_0_oo_oo_ooooooo

:40H .............

c, _'i L, , ' • _ :11



181 ORIGINAL PA_'IZ.IS

OF POOR QUALITY

c-

O

ol-,-

oi-..

k.

,rj

c.-

E

o
+,-w-

0

-._

c-

(3.)

.Io

0

c'-

or-

OJ

¢'0

c;

02

i--

I,-

o eot_l )-I o L+It') 00 .+= --P

0. .. _ Y ........

L,_,_ O.lt_J l-+_,ll, O - - -
_( _ .'11.o - • o_/_ .+<-)+) ,o

2_



182 OR1GINAL PAGE. IS

OF POOR QUALITY

0

U

(.,0

<C
z

ro

tb_

e--

0J

r0
e--

.¢.-

o
o
U

e-

"2
-'!

U

t,o
E

.,Q

L

o

o
r_

¢/-

J

Q.)

fo
I--

Z
H

.j-
o_

o

II

0

* rJ

X_

I,,]

[-i 2::
O H

H 0

rL H

X

0

al

IM

tl

Z

_/1 oooo

I-_ _r o r.._ e-. e...

o

HH ..........................................

0

o

o o_o_ooo_oo o_ooo oooooooooooooooo_oooooooo_o

h|(9OHoooo

oooo O

H_HH ....

0 HHoO_o

_ v ....
oooo

_ NNN_

Ho_oo

oo o

0

¢J, _. ;': i..J ....

oo o

H_q_Zoooo

o_ 2gggg

OH

g_ ....

_ ¢ ,.41 0 ;'%_ _ r'-- _J .¢,

() -. c-) (:'_ o_ _.0

_.,_ <:_ o,, r._ o o _ o o o o o o o o o o c', o (:_ o o o o o o c_ o o o o o _ o o o o o o o o _ o

o-, I I I I I I _ I I I I I I o'-

"T

o 10_c_ o o o o c_ oo o o oooo oo oo o o ooo c) ooooooo oo u"l o_

ooooooc_ooooooooooooooooooooooooooo _oo(_c)_

CD H ..........................................

_H .........................................._oo_o_oooooooooooooooooooooooo_ooooo_ooo_o_

o oo
_Zo_oooooQoooo oooooooo_oo ooo_ ooo_o



183

POoR QUALITy

n_

c-

°e.-

t-

o

c._

0

r_

e--

cO

oooo _ _oo_ooooooooooooo_ooooooooooooooooooo_o_o_

• _OOHOO_O H .........................................
_ ..... vo_ooooooooooooooo_ooooooooooooooooooo_o_o

H oooo o _

HM_mmNm u H .........................................

|| _

. o_ _ _oo_oo_o o ooooooooo_oooooooo_ooooooooo_o_

o _ oooo
_Z S o_ ......................... = ........... _o

OH Z

_I_ Z .... U H .........................................
_ _ Hoooo _ voooooooooooo_ _ _ _ _NNNNNNNNNN__

HO _

0 _ O_ -_

H_ 0 HH ..........................................

0

H ..........................................
-- _o_ooooooooooooooooooooooooooooooo_ooooo_

_o o

HH_-N_

_ OH ..........................................

ii

_ O_ H .... _

O H_ H H ..........................................

O

i

H ..........................................

_.,_oooo 0 _
0_)-_
H_O_

_) H ..........................................



184

3

c"

r"

0

C.)

0

f..-

f._ ....
u_ oooo

U n; _%-Z o o (_ c)

_H ..........................................
_ _o_oooooooooooooooooooo o o o o_oo oo ooooo_o_oo

0
0

Ul
14

H ..........................................

H ..........................................
-- _ o _ o o c_ o o oooo o ooo oo oo_oo ooo o o o o o (_ o o o o ooo o o_o
0 i i i i i (_
:z:

H .oo_,o(_ ooooooooooooo o o o oooo oooo o o o o o o o o o o _r _- _

H ..........................................

I/1

0

H ..........................................

0 _ IIIIIIIIIII1_

ORIGINAL PA_E IS

POOR QUALrI'Y



185 ORIG=NAL PAGE .IS

OF POOR QUALITY

-,!

c-"

c-

O

0

t-'-

G)

rO

i-,,-

_Hfl_aa

Ooo

OO_
HH_o_

H ooo

XH_._

H_o_

n

H .........................................

E .... H .........................................
O [_ ooo • _o_oooo_oo_ooooooooooooooooooooooooooooo_o

OH Z

_ _ HoO_ _ _oooooooooooo_ H_NNNNNNNNNN__
HO v

_Z

H Z_ _
O _ O_ -_o

_ H_Z_

z
H _ O H H .........................................

_ _o _ _oo_ooooooooo_oo_oooooooooooooooooooooo_o_

H .........................................
-- _o_ooooooooooooooooooooooooooooooooooooo_o

zO o

_o _ _ooooooooooooooooooooooooooooooooooo_

H .........................................

|1

_0 _N _ _oo_oooo_oooooo_oooooooo_oooo_ooooo_oo_o_

H .........................................
• _o_oooooooo_oo_ooooooooooo_o_ooo_ooo_oo_



(_

O

_J

C"

-r--

I/I

(i)

<[

Z

"t_

S..

C-

e-

oe'-

"_

_..

0

0

tJ

_r_

e--

4J

e-

E

I,..

O

4J

tO

.4J

¢IJ

186
CI'_G1N/:L PAG'_ ,IS

OF POOR QUALITY

• ;_OL_Hooo

H _oo

o° _ ....

* II

U _ :::IE H H ............................
0 0{_ _ _oo_oo oooo_oo oooo_ oo o _ oo_o_

H _0 • r "- cxl o_ 0

I_ H Z

_/_ Hooo _ _ o o o o o o o o o o o o _ _ _ _ _ _,-..I,-_ _ _ N i'M N N N N

O

O O _ f _L) H oo_ _ _ o _ o_ _'_ (_ _0 _ ,o ,o o_ r. o_ .o p_ N _ _1_ _ CM _ o _o _ u-_ o_ _ o

_.l _._ O H H ............................
H -_ _o ,'__ooO-o ..... o_, .... ooooooooooo, oo

H

H ............................

H 0 ;._ W_NO_ o Z

I:: _ _oooooo¢-_oooc_c N (M (_ (M (M N

. _ _ _._

_._0 _" ."_ N r_ _ oo _ oo o o o o oo oo o o o oo o o o ¢'_o o o o,-o o

H ............................

• _o o_o_oo oooooooooooc>oo oooooc_o_o

OC_

_-_._ • • • '7" o,.,Ir_oooooooc_ooooooc:_oooooooo_

H oo _ o c> o o o o o o o o o o c_ o c_ o o o ¢'_ o o o ,_ _,'__o

U H ............................

_ _oooooooooooo ,-__NNN_r0N



187
ORIGINAL PP,GE, IS

OF POOR QUALITY

OJ

::3

t-

°p,-

c-

O

c;
r"-

OJ

r,-,-

_O

I--"

_ ..... HH ............................
_ oooo _ _oo_oooooooooooooooooooooo_oo

v

• _OOHoooo H ............................

Z

_U_ HH ............................
0 O_ _ _oo_oooo0ooooooooooooooooo_oo

H _0 _ _ 0

_ _ .... H ............................

_ O_ o0o000000000 O0 o o o 00000 _0_0

0 _ 0
_H

0 0 _N_ _ ON_ooooooooOoooooooooooO0_

• _ _ -oo_o_ooooooo_o_oooooooooo_

_ HOOOo _ v oooooooooooo_ _ _ _ _NN_
_0 _
0

_ 0 HH ............................
H _ _0 o _oo_ooooooooooooooooooooo_oo

X _ _ o

H ............................

H 0_o
HH_,N_

_ONN_ _ oo_oooooooooooooooooooooo_m_

_ OH ............................

O H_ U H ............................

H ............................

v_ o _o _oooooooooooooooooooooo_oo
H .o_oooooooooooooooooooooo_



188

°p.

e-

0

t,_,)

,5
f.-

a,)

oooo _ _oo_oooooooooo_ooooooooooo_oo

Z

Z
H

H _0 • _ 0

E _ .... H ............................
_ oooo _o_ooooooooooooooooo_oooooo_o

_H Z

_= .... _ ............................

M _ 0 H H ............................
H _ _0 _ _oo_ooo_ooo_oooooooo_ooooo_oo

X _ _ 0

_zo_ooooo _ _ _ ooooo_o
H ............................

Z -- _o_oooooooooooooooooooooooo_o
0 Z_ 0 _
H O_N_

o _z_ .... _o_oooooooooo
_oo_ .o_oooooooooooooooooooooo_

_ m

o H_ M H ............................

oo ..... N _

O_OOOO_NNNN_ _0000_o
H ............................
_0_oo0oo000o00o0o_00_0o0000_o

_H .... Z o_oooo_ooooooooooooooooo_

_ o _o_ooooooooocoooooooooooooo_o oH .o_oooooooooooo ooooooo_o_



189

H

LEADING
EDGE

0

f
f

f
|

0

ROTOR

STACKING

BLADE SETTING
ANGLE

L

H

LEADING
EDGE

0

STATOR

STACK ING BLADE SETT ING
ANGLE

POINT _ _._...._
\ i _ _ -- L

Figure 10.1 Rotor and stator blade manufacturing coordinate

system used by NASA design code



190

Xl. APPENDIX B: SIAIOR- AND ROIOR-RELAIIVE lIME AVERAGES

Figure II.I shows a "snapshot" of the rotor and stator at a particular

rotor/stator orientation. The coordinate system fixed to the rotor frame

of reference is denoted by R, Z, e R, and the coordinate system fixed to

the stator frame of reference (i.e., measurement frame of reference) is

denoted by R, Z, eS. The R, Z, BR coordinate system is related to the

R, Z, es coordinate system through the rotor/stator orientation, denoted

by Q = 2_ (n-I)/(NRNsp), where NR is the number of rotor blades, NSp

is the number of rotor shaft positions per rotor blade passage, and n is

the particular rotor shaft position. When the rotor trailing edge is

clrcumferentlally aligned with the stator leading edge, _ = O. Point A,

shown on F_gure 11.1, is fixed to the rotor frame of reference, and points

B through K are fixed to the stator frame of reference. At each stator

survey point B to K, the absolute velocity has been measured at NSp = 50

consecutive rotor/stator orientations equally spaced over a rotor pitch.

Therefore, at any stator survey point (e.g., B to K), stator-relatlve

tlme-average quantities are readily calculated as

NSp Gi

i=l NSp

,2)where G is any flow-fleld parameter (e.g., V or V , and the

superscript -- denotes the time average. Within the context of this
!

thesis, time is not real time, but rather corresponds to the relative

position of the rotor and stator (i.e., t = Q/w).

Although the data were acquired in the stator relatlve (absolute)

frame of reference, it is also possible to resolve a "t_me averaged"

(11.1)
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Figure If.1 Blade-to-blade view of the rotor and stator at a

particular instant in time, t, showing the

relationship between the rotor- and

stator-relatlve coordinate systems



192

description of the absolute flow field from the perspective of an observer

moving wlth the rotor blades. Again referring to Figure II.I, the rotor-

relative time average of the absolute velocity at point A, in the rotor

frame of reference, can be determlned from the tlme-resolved measurements

of the absolute velocities acquired at points B to K, in the stator frame

of reference, as follows. First, the rotor/stator orientations (i.e.,

rotor shaft positions) which correspond to circumferential alignment of

point A, in the rotor frame of reference, with survey points B to K, in

the stator frame of reference, are determined, see Figure ll.l(B). Next,

the above determined rotor/stator orientations are used to determine the

absolute velocities which an observer, sitting at point A in the rotor

frame of reference, would see as point A becamecolnc_dent with points B

through K _n the stator frame of reference, lhls is accompllshed by using

the above determined rotor shaft positions to interpolate from the measured

distributions of the absolute velocities which were acquired at each point

B to K as a function of rotor shaft position. Finally, the arithmetic

average of these absolute velocities are used as an estimate of the

rotor-relatlve tlme-averaged absolute velocity at point A. At every axlal

survey station, the above procedures were repeated at each of 50 equally

spaced points across the rotor pitch in order to generate a complete

description of the entire rotor-relatlve tlme-averaged flow fleld, lhe

equation for determining any rotorrelatlve time average parameter from

its phase lock averaged results is

•_4," Ne
oR) 1 2]

G(r,z, = No i:l

where i : (Nsp (0_ - oS )NRNsI,/2_)IE "

(ll.2)
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XII. APPENDIX C: ESTIMAIION OF BOUNDS ON 1URBUI_ENCE COMPONENIS

lhe turbulence is determined from the standard deviation of the

velocities, but from the manner In whlch the data were acquired, it is not

possible to calculate the standard deviation of the velocities in the

axial and tangential directions. However, It Is possible to estimate,

from the measured data, the minimum and maximum bounds of the standard

deviations of the velocities In the axial and tangential directions. The

procedure for estimating these bounds are explalned In thls Appendlx.

Figure 12.1 shows a sketch of the Z, e' measurement plane

indicating the measured velocity components and the corresponding

estimates of their standard devlatlons, lhe two measured fringe angle

orientations are identified as eI and _2" The ensemble average

absolute velocity and flow angle are identified as V1 and 8l,

respectively. The measured ensemble-averaged velocities and their

corresponding estimated standard deviations are identified as V and
m

Sm' respectively, where m Is assigned the value I or 2 to indicate the

particular velocity component. The shaded region In Figure 12.1

identifies the estimated bounds, corresponding to one standard deviation

(l,_), of the fluctuations of the total absolute velocity and flow angle.

lhe bounds of the shaded region are used to estimate the l,_ bounds of the

standard deviations of the axial and tangential components of the total

absolute velocity, as follows.

lhe equations of the lines which are colllnear wlth the direction of

the measured velocity components are

_m: Vm,z = Vm,o tan _m (12.1)
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\LMAXIMUM
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OF VT, _T
FLUCTUATIONS

_2

Figure 12.1 Frlnge-plane view of the velocity components

showing the relationship between the
ensemble-average and standard deviations of the

axial and tangential velocity components and the

measured velocity components
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where the subscript m is assigned the value l or 2 to denote the

particular measured velocity component, and the subscripts z and e

denote the axial and tangential directions, respectively. The equations

of the lines which are perpendicular to lines _m' and which intersect

Vm _ ) arelines _m at ( - and!(V m

/

:±_m:+ _Vm,e -Vm,z m _m_

where the subscripts m, z, t are defined as in Equation (12.1), the

subscript I denotes the perpendicular to line E .
m

Now, assume that the true l_ envelope of the _l,B1 fluctuations is

defined by an ellipse, which would be the case if the distribution of

measured velocities were gauss_an and the turbulence were non_sotropic.

tu bul ° o enwlo.eofthe
would defined by a circle, lhe above assumption is not a required

condition, but does facilitate the proceeding explanation. Further, assume

that the major axis of the true l_ ellipse of Vl,B T fluctuations

contains points B and D, which are the verticies of the shaded region

illustrated in Figure 12.1. lhis ellipse could be, in the limit, a line to

the largest ellipse which inscribes the shaded region. Note that in order

to have measured the _1,_2 projections of the true 1,F ellipse of the

v_,13_ fluctuations, the I,_ elllpse must be tangent to all four sldes of

the shaded region in Figure 12.1, but the l,_" ellipse does not need to

completely inscribe the shaded region. For example, the projection of a

iine segment between points B and D in the Vl and V2 component

directions would define the extent of the _l and _2 fluctuations,

respectively. Conversely, the projections of a line segment between points
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A and C in the V1 and V2 component directions would also define the

extent of the _l and _2 fluctuations. Therefore, the major axis of the

true l_ ellipse of the VT,B T fluctuations could be in any orientation

between llne segment A-C to line segment B-D, as long as the bounds of the

l_ ellipse are tangent to all four sides of the perimeter of the shaded

region.

The ellipse wlth the smallest possible area (i.e., minimum overall

fluctuations) would have It's major axls colllnear wlth llne segment A-C,

and an ellipse with the largest possible area (i.e., maximum overall

fluctuations) would have It's major axis colllnear with llne segment B-D.

Therefore, the minimum and maximum bounds of the l_ fluctuations of axial

and tangential velocity components are defined by the vertlcles of the

shaded region. The vertlcles of the shaded region In Figure 12.1 are

+ +

determined from the intersections of lines _ and ±_ as follows.

+ + _I [ (vl ± _l)sln _2 - (V% ± _2)sln _l±_{n._.(v_,v= _._%o_)

(V2± J2)c°s_I- (Vl± Jl)c°s_21
sln(_2 - _l ) J

(v!+I- _ ( + _fl)sln _2 - (V2 +-_f2)sln _l

_LtTFI_L°2 = ,V0 = sln(_2 - _l )

(v__j2)co__ (%+_j_)co__2]
sln(: 2 - _i )

The minimum and maximum bounds of the lJ fluctuations of the axial

and tangential velocity components can, therefore, be determined as
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(Sz)max = ABS - V = ABS sln(_2 _ _I )
mln

+- cos _I ± _I cos _2

(,j'e)ma x = ABS - Ve B = ABS sin(_2 _l )
mi n IBI

from which the variances and the turbulence are determined.

(12.3)

(12.4)
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XIII. APPENDIX D: WAKE ENHANCEMENT PROCEDURE

Contour plots of the tlme-resolved turbulent kinetic energy have been

previously used [42-45,89] to identify the transport of wakes through a

downstream blade row. However, as these wakes progress downstream they

become harder to discern from the surrounding flow field, due to mixing,

and therefore plots of the turbulent kinetic energy may not be sufficient

to clearly delineate the wake fluid. In order to better resolve the rotor

wakes throughout the stator row of the present research compressor, a

procedure was developed for enhancing the rotor wake signature.

Figure 13.1 shows a typical plot of the total turbulence at two

points in the stator flow field; one upstream of the stator row, and one

near the stator exit. The total turbulence, _T' is defined as

_2 + $2J'T = Zm_n eml n

where _z and _e are calculated from Equations 12.3 and 12.4,
min mln

respectively. Upstream of the stator row the total turbulence within the

rotor wake Is very high relative to the freestream. However, near the

stator exit the total turbulence within the rotor wake is only slightly

higher than the freestream. Furthermore, the free-stream total turbulence

varies from inlet to exit and blade to blade. Therefore, in order to

enhance the rotor wakes throughout the stator passage the total turbulence

is normalized such that the freestream value is zero and the maximum

value, which usually occurs in the rotor wake, is one. This normalization

is applied at each spatial survey point throughout the stator flow field.

!



199

.L_ "A_I30-13A SN_

NIWIc _ XVWIc

NIW I

CO

w.

-I

(J

0

e_

(iJ

E

L'-

r--

3:

0

c-

O

°r-

rO

CO



2OO

As a result of the enhancement procedure, the rotor wakes have equal

weight throughout the stator flow field as shown in Figure 13.1(B). Of

course, any information about the dissipation of the rotor wakes is lost,

but the width of the rotor wakes and their phase is preserved. Contour

plots of the enhanced rotor wakes are constructed from contour levels at

0.25 of the peak value in the rotor wake (arrived at through trial and

error), as shown in Figure 13.1(B). Thus, most of the rotor wake is

identified within the shaded regions of Figures 5.10 and 5.11.



1.ReportNO. NASA TM-88929

USAAVSCOM-TR-86-C-29

2. Government Accession No.

4. Title and Subtitle

Unsteady Flows In a Slngle-Stage Transonic Axial-
Flow Fan Stator Row

7. Author(s)

Michael D. Hathaway

9. Performing Organization Name and Address

NASA Lewis Research Center and Propulsion Directorate,

U.S. Army Aviation Research and Technology Activity-
AVSCOM, Cleveland, Ohlo 44135

12. Sponsoring Agency Name and Address

National Aeronautics and Space Administration

Washington, D.C. 20546 and U.S. Army Aviation

Systems Command, St. Louis, Mo. 63120

3. Recipient's Catalog No.

5. Report Date

December 1986

6. Performing Organization Code

8. Performing Organization Report No.

E-3190

10. Work Unit No.

11. Contract or Grant No.

13. Type of Report and Period Covered

Technical Memorandum

14. Sponsoring Agency Code

15. Supplementaw Notes

Thls report was submitted as a dissertation In partial fulfillment of the

requirements for the degree Doctor of Philosophy to Iowa State University, Ames,
Iowa In 1986.

16. Abstract

Detailed measurements of the unsteady velocity field within the stator row of a

transonic axlal-flow fan were acquired using a laser anemometer. Measurements

were obtained on axlsymmetrlc surfaces located at lO and 50 percent span from the

shroud, wlth the fan operating at maximum efficiency at design speed. The

ensemble-average and variance of the measured velocities are used to identify

rotor-wake-generated (deterministic) unsteadiness and "turbulence," respectively.

Correlations of both deterministic and turbulent velocity fluctuations provide

information on the characteristics of unsteady interactions within the stator

row. These correlations are derived from the Navler-Stokes equation In a manner

similar to deriving the Reynolds stress terms, whereby various averaging opera-

tors are used to average the aperiodic, deterministic, and turbulent velocity

fluctuations which are known to be present In multistage turbomachlnes. The

correlations of deterministic and turbulent velocity fluctuations throughout the

axial fan stator row are presented. In particular, amplification and attenuation

of both types of unsteadiness ar_ shown to occur within the stator blade passage.

17. Key Words (Suggested by Author(s))

Ilmr_At,u,,_:=u_ flows; Blade row interactions;

Laser anemometry; Compressor stator

18. Distribution Statement
Unclassified - unlimited

STAR Category 02

19. Security Classif. (of this report)

Unclassified

I
20. S_urity Classif. (of this page)

Unclassified
21. No. of pages 22. Price"

*For sale by the National Technical Information Service, Springfield, Virginia 22161


